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USE OF PRECAST CONCRETE1~ •IN HARDENED BUILDINGS

AT MISSISSIPFI AAP

BY
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ABSTRACT* IBuildings designs intended to resist external blast loads in the low

pressure ran"e are typically steel frame structures with strengthened

steel panel or cast-in-place concrete wall systems. During the design of

4-he MMAP Load, Assembly and Pack (LAP) rroduction line, strengthened pre-

cast panels were developed as the primary structural element for wall

systems. The use of this concept was found to offer significant advan-

tages in cost, aesthetics, and quality control during construction. The

-oat comparison, design analysis methods, and details of construction are

discussed.
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INTRODUCTION

This paper describes an application of precast concrete sandwich panels

to wall syrteas intended to resist low level blast overpreseures (less

than 6 psi). Development of this system occurred during the design of the

Mississippi Army Anmunition Plant (MSAAP). This plant is totally new and

intended to produce the 155na M483 Al Improved Conventional Munition. The

overall facility includes Projectile and Cargo (M42 or M46 grenedes) Metal

Parts Manufacturing Buildings, a Load, Assembly and Pack (LAP) Area which

is the subject of this paper, and all necessary supporting facilities for

production operations.

The HSAAP is the largest single effort of the Munitions Production Base

Modernization and Expansion (MPBME) Program. The JPBME Project Manager's

(DRCPH) Office (SARPM-PBM) Is located at Picatinny Arsenal. The

Huntsville Division, US Army Corps of Engineers, is responsible for

overall management of Corps of Engineers support for the program. Because

of the size of the project, MSAAP was divided into several separate design

and bid packages. Figure 1 showa the magnitude of some of the larger

construction packages. Criteria development was performed by Kaiser

Engineers under contract to the Huntsville Division (HND). Actual design

of the LAP A-ea and the structural system described in this paper was per-

formed by Hayes, Seay, Mattern and Mattern (HSMN) under an Architect-

Engineer contract with HND.

"CRITERIA BACKGROUND

Extensive process and facility cciteria development was conducted to

assuire the most efficient LAP facility concept. The results of this wori-

9
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was a layout consisting of two parallel mirror Image production lines,

each capable of providing 50 percent of the required capacity.

Appropriate supporting facilities were provided to each production

building to assure independent operating capability. Cost optimisation

studies performed during criteria development showed both construction and

operating economles resulting from locating the two production buildings

Pe close together as possible within the constraints of appropriate safety

criteria. Figure 2 shows the main production buildings as located on the

final approved site safety plan. Based on this site plan, each main pro-

duction building was hardened to protect it from the maximum credible

explosive event in the other production building or Its supporting facili-

ties. Figure 3 shove the potential donors on the north production line

for which the south production building had to be hardened. Since the two

lines are mirror images, the hardening level was the same for either

building. Figure 4 shows the idealized pressure time history for each

donor. These were used to design the production building wall systems,

roof, and framing.

A unified architectural approach to all buildings within MSAAP was also

developed during criteria preparation. The goal was use of precast concrete

at first floor leveln with metal panels above. This philosophy vas to be

maintained in the LAP Area if economically justiffed. During the preliminary

design phase, HS9M was requested to provide preliminary design analysis for

both precast concrete and strengthened cteel deck wall systems. Cost

comparisons would then be performed. Although previous experience had shown

that cast-in-place concrete could provide the desired architectural effect

945
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as w.e1 as the required hardening, it was hoped the inherent advantAges ot

precast construction could be utilleod.

DESIGN CONSIDBNATIO5S

Prior t2 R51 beginnInt the design evaluatiov of wall systems, certain

back1ground inforemtion already existed. Previous studies conducted by MDW

on other project* had shown the capability of concrete walls both precast

and cast in place to resiat low overpreosures vith little or no modifica-

tion. The mtnimuu reinforcing required by building code and for deed load

dviring handling and erection can provide appreciable capability to resist

overpressure if adeqJate connection details are present. For example,

Figure 5 shows the approximate overpressure resistance capability of a

typical precast wall panel from the Cargo Metal Parts Building at MSAAP.

Blast leads were not a design roquirement for the Cargo Building wall

sysena. however, If the connections were adequate, the precast panel

shown could sustain a signiflcart blast lead vwth smoe yielding hut no

failure.

A structural ad,'mntag2 of precast panels is the capability to span

greater distances than metal deck under comparable loads. This allwed

spanning floor to save on the LUP Production Building, a fingle-story

structure. Since there was a dust hazard in these buildings, a smooth,

washable vall surface was a criteria requirement. In additlon, the elimi-

nation of intermediate girts vab also desirable since they acted as dust

collectirg areas. Energy conservation rLquireints also dictated an inau-

lated wall system. Because of the interior washdown requirement, anoula

tion had to be Incorporated on the exterior face of both t.he precast and

46 0
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the metal d"ck o4yotams. It could be cast Integrally in fthc. precast

panels. Figure 6 shows thu design confiGuration of both wal• systems used

to deovelop cost comparisons. The resulting unit construction cost* ore

shown diructly belum each concept. The totel savings for both production

buildinsg were expeczed to exceed $200,000.

The eirpic• ty of the precast sandwich panel comparad to the metal deck

vall system is obvious. Eliminating the coacrete waseacot and intermedtate

girto provided a superior functional surface as well as substantially

roducing labor costs. The final nonfiduration of the precast panels

seleated for design consisted of an 8 1/4 Inch thick structural panel. 3/4

Inch of polyurethane Inoulation And 3 inches of exterior finish concrete

ovvr the insulation for a total panel thickness of 12 Inches. Figure 7

showe the selected configuration.

The result@ of the cost: comparisou confirmed the economic viability of

using precast panels aS the desired LAP Production Building wall system.

The wall panels were dootgned as one-way simply supported elements sub-

jected tG the overpressure time histories presented errlter (Figure 4).

Panel design was based on the material properties and design constraints

given in Table 1. Results of a typical dynamic analysis of a panel for

one of the maximum load conditions are given In Figure 8.

As experienced designerr know and experience has shown, a primary

structural element is only as good as its connection details. A great deal

of thought went into developing details that would assure proper function

of the wall panels. Figure 9 shows a plan view and typical section

through one of the main production buildings. The overall structural

•= 947
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system consists of rigid frames with the wall system supportod on con-

tinuous footings and ottached to the frames at the *ave girt. The eave

Sirt transfers the reactions fro. the precaet panels to the rigid frames

at the columi to roof girder Joint. Because of the length of the building

and the poor soil conditions att the NSAAP site, individual precast panels

were not rigidly attached to each other. Panels were set in a notch in

the footing wall. The top of each panel was attached to the save girt

with connections that allowed both horizontal and vertical movement.

Figure 10 shows typical details at tle footing will and at the save girt.

Using this approach, any settlement of the continuous wall footing would

be accommodated by Incremental settlement of individual vall panels.

Figure 11 show. an exaggerated example of such a condition. Details of

the type in Figure 10 will assure proper transfer of blast loads normal to

the wall into the framing system even under the exaggerated conditions

shown here.

DYNAMIC RESPONSE

As with any transient load condition, the dynamic response of the

structural system is a function of the relationship of the duration of the

applied load to the natural period of the structure. The selected wall

system resulted in load paths which were particularly advantageous from

the standpoint of minimizing the structural response of the building rigid

frames. Figure 12 shows two Idealized transient loads on the column of a

typical building rigid frame. Figure 12(a) represents the loading on the

blastward column of the building frame if a metal panel wall system with

Intermediate girts was used. The second represents the loading resulting

948



from the precast wall type system. Upon computing the period of vibration

TM, and the time to maximum response Tm, some important properties of each

system become evident. The column with intermodiate girta io loaded by

transverse ties dependent loads between its end supports, the floor and

the roof girder. This loads the column as a beam. The natural period of

the beam loaded in this manner is short when compared to the du•ration

of the pressure time history of the design load, i.e., Td/TN ratios are

between 2 and 4. Assuming elastic response of the main framing, Figure

13(a) shows the equivalent dynamic load factor (DLF) in this range varies

between 1.5 and 1.9. The time to maximum response can also be determined

from Figure 13(b). In effect, intermediate transverse loads on a colvn

result in a beam mode response of a duration less than that of the design

blast load. This results in high effective dynamic load factors. In

Saddition, the column is subjected to an axial compressive load as the

blast load traverses the roof. This load is present durinS the oame tine

period as the column is being subjected to its maximum bending load.

Figure 14(a) shows an idealized time history of the applied loads on the

column. In addition, the column will see a loading due to frame sidesway.

The interaction of these time dependent loadings results in a severe

loading on the column and this is reflected by the required member size

used in Figure 12(a),

Now examination of the column loading resulting from the precast panel

walls reveals a totally different dynamic response mechanism. The precast

panel wall system dunps the transverse load into the building frsme at the

floor and at the roof girder. Thus, no intermediate trensverse loads are

949
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present to excite the column In an end-supported bema bending mode. The

column Is in fact loaded first by the axial load due to the blest wave

traversing the roof, and then some time later, by beading due to frame

stdoeway. Beauseo the natural period of the building frme in the

midesway mode in substantial17 longer than the duration of the applied

load, the dynamic load factor it slgnificantly reduced. in fact for the

finral framing system used on the LAP buildings, ratios of Td/T were loes

than 0.2. Reference to Figure 13 shows the greatly reduced DLF for

response of this type. Figure 14(b) shows an Idealised plot of the time

history of the applied loads for the frme columns resultlug from use of

the precast wall system. Because the maiium column bending occurs at to

of the frame sideeway mode, the applied load has already decayed substan-

tially and column design loads are greatly redcced. This is reflected in

the size of the column used with the precast system (Figure 12(b)) as com-

pared to the column required for the metal deck wall system.

FABRICATION AND COWSrRUCTIJSILITY

The details of the precast concrete sandwich panels were generally

typical of those used in conventional building desigus. Discussion with

precast firms during design and bid periods revealed no difficulties with

the panels as designed. Precast structures are widely used commercially

Ini the area where the MSAAP site is located. The Projectile and Cargo

Metal Parts Buildings both using precast wall system ware under contract

at the time the LAP Area was bid. As a result, good bids were obtained.

Actual construction went smoothly and revealed no difficulties that would

differentiate this wall system from a nominal precast system.

950
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a lVrecast concrete panels ca easily end economically be designed to

resist low overpressures.

a The typical advantage. of a precast system over other systems still

apply for strengthened sysom. MAe*S thes axe Improved quality control

and s;sd of construction.

o The ability of panels to span from floor to oave generated economies

in the steel freming design.

o Connection design Is the most critical feature In assuring the

structu~ral adequacy.

o The system wi.ll genrally b4 applicable to *ther single-story struc-

tures sobjected to conventional explosive loadings of similar duration.

o The resultant smooth Interior surface finish with no girts was

$ 7' fuuctionally superior to that of a metal deck system.

o Precast vwal systems provide an aesthetically pleasing, economical

4 Nexterior finish.
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mSAAP

MAJOR CONSTRUCTIONCONTRACTS

PROJECTILE METAL PARTS FACILITIES 47,261,480

CARGO METAL PARTS FACILITIES 15,434,626

"*LAP 300 AREA 31,027, 228

OOTHER SUPPORT FACILITIES
UNDER MULTIPLE CONTRACTS 82, 142, 840

TOTAL CONSTRUCTION (21 JULY 1982) 175,866, 174

*FACILITY IN WHICH STRUCTURAL HARDENING IS

REOUIRED.

FIGURE o
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t: a

GRENADE HOLD IG HOLD

iIGLOOS NLO

K

NORTH PRODUCTIA N BULDG

726' - _

SOUTH PRODUCTION 11OO.1

BODY HOLDjGRENADE HOLD IGLOOS
IGLOOS

LAP AREA MAIN BUILDINGS

FIGURE 2
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NORTH GRENADE (D
H4OLD I GLOOSV'

NORTH BODY

I b

•-j- LOAD IGLOO

A-5 STORAGE

• II SOUTH PROt3UCT ION BLOG.

727'

- DONOR DISTANCE
()D 17, 300* 840 FT.
( 13,000 706 FT.

7,0000 653 FT.
I F _o 1,OO 271 FT.

EXPLOSIVE DESIGN CONDITIONS

F IGURE 3
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LOADING * IDEALIZED PRESSURE

NUMBER TIME HISTORY

3. 3 PSI

120 ms
4.2 PSI

105 ms

3. 67 PSI

90 ms

5. 26 PSI

04

40 ms

*THESE INCLUDE TNT EQUIVALENCY
AND SAFETY FACTORS.

FIGURE 4
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MATERIAL PROPERTIES BLAST PRESSURE
F'0 -5000 PSI CONCRETE 5. 22 PSI
W-150 PCF CONCRETE

Fy,,60, 0O0 PSI REINFORCING

40 me

PANEL CONFIGURATION --

VERTICAL SPAN-180 INCHES

THICKNESS-6 INCHES P( t).---

FLEXURE REINFORCING-04012 INCHES
COVER-3/4 INCHES

DYNAMIC ANALYSIS
RESISTANCE-I. 40 PSI
STIFFNESS-I. ql PSI

T/Tw -0. 27 B/Ru-3. 75

MAXIMUM DEFLECTIONS

XWX,-5# XH'3.66 IN

RESISTANCE OF NORMAL PRECAST PANEL

SFIGURE 5
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EAV 6 1 H

INSULATION

':'PURL INS

PANELS-I

COSTL itE COST

I CIGURET6JA 1SOT-
CONCRTE--

PREAS PANL TEL SNDIC



S" C

WIRE

3/ 4ý'
INSLATON• ,• I •VERT ICAL

O " REINFORCING3 1/4" 0
FAC:ING,,II
PANEL-- ,,, l e

,- STRUCTURAL

PRECAST WALL PANEL
REINFORCING SCHEDULE

PANEL REINF. EACH FACE

TYPE* VERT. HORZ,
I -, lz 4'If

II 0412' 04012"
I 1 06@l-T!}12" *4ol12n ,w

fI 111 7612' '40 12'

IMBEDDED
PLATFE

LAP WALL
PANEL CONFIGURATION

FIGURE 7
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1.OESIGN LOADING
FIGURE 4 CASE . P

2. 2,MATERIAL PROPERT IES(STATIC)
CONCRETES~~105 r

F'c -5000 PSI

WEIGHT-150 PCF
REINFORCING F --SO,000 PSI

3. PANEL rANF, IGURAT ION
SPAN VERTICAL-186 IN.
TH ICKNESS=-8
FLEXURE REINFORCING=4'7o 12'
WITH 3/4" COVER E.F.

4.DYNAMIC ANALYSIS
RESISTANCE R,=4.97 PSI/INI! STIFFNESS, K.,,7. 3 PSI/ IN.

ELASTIC DEFLECTION X,=O.6806 IN.
T/TN - 105/B4-1. 26
B/R u-4. 22/4. 97-0. 85
MAXIMUM DEFLECTION X,/X*-1.57
)X-1.071 IN. O.K.

ANALYSIS OF TYPE III PANEL

F I OURE 9
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U N
FRAMES 40 SFACESO 18'-26tlT¶1117" 711E1
L____1

L___ 726' -80

PLAN VIEW
PRODUCTION BUILDING

P( t)

BLASTWARD WALL LEEWARD WALL
I TYPE II OR III"_____ rTYPE 1-7

W21x82 Ty WIOX66 TYP

TYPICAL SECTION

I FIGURE 9

S9~60 O
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STRUCTURAL TEE
BOLTEO TO PRECAST
PANEL - STRUCTURAL TEE

BOLTED 10 EAVE-GIRT

on
S~o o

VERTICAL SLOTS HORIZONTAL SLOTS

UPPER CONNECTION OF PANEL

PRECAST PANEL--

WALL FOOT ING FLOOR SLAB

LOWER CONNECTI," OF PANEL

FIGURE 10
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0

UPPER PANEL CONNECTION
ALLOWS MOVEMENT VERTICALLY

EAVE AND HORIZONTALLY.

GIR

ii._
----_ _ ---- E -" - --------TE

EXAGGERATED SETTLEMENT

OF WALL FOOTING

EXA*IPLE OF INCREMENTAL. SETTLEMENT

FIGURE 11
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DESIN 4LOADIN 0 FIG.4)
PARAMETER_

P 4.22 PSI 5.20 PSIl
T 105 mg 40 mm

__T_ 25 ms 25mm F(me
VTHT 4.2 1,6

DLF 1.9) 1.7 F1 t)
T_ 11.9 me 11.5 ms I

COLUMN• •

WlOxIO0-

(a)COLUMN RESPONSE WITH STEEL
PANEL WALL SYSTEM

P(t)

DESIGN LOADING(FIG.4)
PARAMETER II )FI.I

P 4.22 PSI 5.26 PSI

T 105 ms 40 ms
T- 675 ms 675 ms COLUMN

T/ Tw 0.16 0. 0w"CL
DLF 0.44 0.20 wIOxs-

T_........ 259 m s 182 ms
I

(b)COLUFN RESPONSE WITH PRECAST
CONCRETE WALL SYSTEM

FIGURE 12
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000

0.05 Clio 0.2 0.5 1.0 2.0 5 t

' i

SI~o "• " ' i n

,. i ~ ii itV1I lll~iL i ll

0os ao a2 0.5 1.0 2 5 le

"ftl

ELASTIC RANGE RESPONSE

FIGURE 13
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F(t)WALL LOAD

P(t)COLUMN LOAD

LOAD

-FRAME SIDESWAY

(a) IDEALIZED TTME HISTORY OF COLUMN
WITH METAL PANEL WALLS

K Cf-"( t)(COLUMN LOAD

LOAD

'-FRAME SIDESWAY

T I ME---

(b)IDEALIZED TIME HISTORY OF COLUMN

WITH PRECAST PANEL WALLS

FIGURE 14
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'rA•BLE I

DESIGN CRITERIA

I. PRECAST CONCRETE SANDWICH PANELS

A. STATIC MATERIAL PROPERTIES
F'c -5,000 PSI
FY-60, 000 PSI

B. DYNAMIC MATERIAL PROPERTIES
F'&,- 1. 25F'c
F,-I. 1OFY (BENDING)

C. DEFLECTION CONSTRAINTS

Ii. BUILDING MAIN FRAMING

A. STATIC MATERIAL PROPERTIES
ASTM A36 STEEL Fy(AVERAGE) 40,000 PSI
ASTM A572 STEEL Fy(MINIMUM) 50,000 PSI

E . DYNAMIC MATERIAL PROPERTIES
Fý,-( 1. 1)F,

C. DEFLECTION CONSTRAINTS
MAIN FRAMING REMAIN ELASTICs/kI

SIDESWAYsWi50
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ARCHITECTU1RAL STANDARD DETAILS

FOR

ARMY AMMUNITION PLANTS

R. W. Sime

Black & Veatch, Consulting Engineers

Kansas City, Missouri

ABSTRACT

he procedure for. designing facilities for Army Ammunition Plants

should be based on increased safety, reduced maintenance, reduced energy

consumption, and reduced costs. The primary objective for the development

of the Architectural Standard Details is to enhance safety and achieve

uniformity of design. The other benefits obtained are possible by-

products. Black & Veatch was engaged to develop details for use in design

V and construction of buildings in which nitroglycerin, nitrocellulose, and

single base and multibase propellants are manufactured. This paper

discusses the objectives, background, construction design requirements, use

. of standard details, typical details, and the procedure for making future

. changes to conform to advances in technology, architectural practice, ort changes required by actual field performance of certain standard details.

971
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iHiTROUCTION

For many years the Government has constructed Army and Navy amunition()

plants throughout the country in association with commercial" producers.

Maa~ufacturing plant structures were designed incorpý*rating specific

requirements imposed by plant operating contractors for the particular

function of a structure and specific requirements of the type of explosive

or propellant end product. Architectural details were developed by plant

operating contractors, engineering firms engaged in plant design, and

supervising government agencies. Many of the architectural details were

developed with safety considerations specifically in mind and were origi-

nated by plant designers in order to protect plant personnel from the

effects of explosives manuafacturing sccidents. In many cases, each plant

operator or commercial p.roducer developed uni-tue buildi'ag dr:;igns and

standard details for tb~ir own manufacturing processes. Architectural

details no doubt changed or were modified as a result of lessons learned

- I from operating erperiences; and as building techoology changed through the

years.

BACKGROUND

* I During early 197h the DARCOM Project M~anagers Office (DRCPM) for-

Marnitions Production Base Modernization and Expansion Agency ý'cujrtently

U.S. Army Munitions P'roduction Base Modernization Agency) requested the

U.S. Army Engineer Division, Huntsvill e (USAEDH) to prepare standar-d details

for use in the design and construction of buildings in which nitroglycerin,

nitrocelluloure, sin~gle base and multibase propellants are manufactured.

The primary objective of this effort was to canhance safety and achieve

972



standardization with possible cost roeluctions, A docwnent was prepared by

USAED entitled "Standard Details Study for NO, NC, Sl & NO Facilities."

Thts document defined the technicas requirements, scope, approach, and

resources required for developing the standard detaAls. The document

contained pertinent safety regulations required by the Safety Manual, AHCR

385-100, and current practices utilized in the modernization and expansion

program for facilities used in the manufactare uf explosives and propel-

lants. In addition, it outlined the proposed procedures for development

and control of standard details which would be utilized in the renovation

of old facilities and design of new facilities. In 1979 DARCON Project

Managers Office authorized USAEDH to proceed with the development of the

standard details. Black & Veatch was then selected by USAEDH to develop

the standard details. This t"sk tas completed in December 1981 with the

publication of the "Architectural Standard Details for Nitroglycerin,

Nitrocellulose, Singl1' Base and Multibase Facilities at Army Ammunition

Plants," which is the basis for this paper.

For facilities susceptible to the contamination of nitroglycerin

liquids end vapors, basic construction materials of wood framing, reinforced

concrete, fiberglass reinforced plastic, and sandwich panels were chosen

for development of architectural details incorporating lead conductive floor

lUning, equipment doors, personnel escape chutes and doors, ceiling and wall

interfaces, interior finishes, joint sesling, dooy and wall louvers, wall

vents, wal& penetrationa, and fixed windows.

For farilitier susceptible to nitrocellulose, single base and

multibase dusts, the same details could be used with the addition of

C 973



alternate basic construction types. Six types of construction were chosen

which included woodframe, concrete masonry units, reinfocced concrete,

imodified preenSineered buildings, fiberglass reinforced plastic and sand-

wich panels. These were chosen for development of architectural details

* similar to those mentioned above for nitroglycerin facilities ercept

troweled on conductive floor lining was to be used inotead oi leLnd.

PURPCSE AND OWECTIVES

rho purpose of tbe archlitectural standard details is for use in the

desigi• and construction of facilities used in the ma-aufacture, maintenance,

inspection, and storage of explocive m&terials. To this and two objectives

were sought. The requirements for this program were to develop standard

details for various methods of construction utilized in Army ammunition

plants today and to develop details utilizing new materials of recent

devtlopment used in similar industries having the potential % increase

safety, increase energy conservation, reduce maintenance and costs. The

secondary objective was to establish a procedure whereby the architectural

standard details can be updated to reflect "lessons ].arned" and to

incorporate new materials and techniques as they become ovailable.

The figures which follow represent typical nitroglycerin fscility

architectural details appearing in the standard details. It should b•t noted

that these details indicate wood construction fot the NG facilitieA which

is normally not allowed by AICR 385-100, however these details have been

reviewed and approved for use by the Department of Defense EnrAneering

Safety Board (DDESBJ). In order to comply with AICR 385-.100, approvals may

have to be obtained or an individual project basis.

974
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It should be stres"ed that it i* not the intentioun thQt. the tandarj

det•ils le used directly on an ammunition plant construction project by

merely sptcifria8 a partical•t detatl by dre~v~n numk. Tk.a det.*4e

should be modified to suit each particular manufacturing operAtiOn or ecd

product and should be rndrown on contr,"t 4ravings.

"All construction materials sh~ll be cert.ified zo be compatitle with

process materials and end products. Certification tests shall be conducted

on each lot of construction materials to be used in the facility.' The

furegoing statement appears consistently on the details &nd viii affect the

choi•e cf sal materials including the basic building coustraw•tion system

chosen, s~ecial fluor coatings, conductive flooriqg, inter.lor finishes and

counstruction sealants.

Figures I and 2 give the basic floor desigr cor.iderations which ihould

be followed durirna initial design or modification of munitionc production

W. 5
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BA31C FLOOR DESIGN CONSIDERATIONS

o SURFACES TO FACILITATE CLEANING

v OMIT ALL CRACKS AND CREVICES WHERE
EXPLOSIVES MAY LODGE

* SUBFLOOR AND FINISH FLOOR SURFACES MUST
NOT WRINKLE OR BUCKLE UNDER OPERATING
CONDITIONS

* IN CHEMICAL MUNITIONS FACILITIES, SURFACES
MUST BE SEALED BY COATING OR TREATING
TO PREVENT AGENT ABSORPTION DURING
SPILLS SO THAT DECONTAMINATION CAN BE
OBTAINED

* POROUS MATERIALS SHOULD NOT BE USED
FOR FLOORING

• COATING OR SEALING MATERIALS MUST NOT
REACT WITH AGENT

FIGURE I

9--



BASIC FLOOR DESIGN CONSIDERATIONS

* SURFACES SHOULD BE CAPABLE OF RECEIVING
REPEATED WASHINGS WITH HOT WATER

e IN EXPLOSIVE FACILITIES a LOCATIONS WHERE
THE ATMOSPHERE MAY CONTAIN COMBUSTIBLE
DUSTS. Oft FLAMMABLE VAPORS OR GASES
FERROUS METAL SURFACES S$OULD NOT kE
COATED WITH ALUMINUM PAINT DUE TO THE
POTENTIAL SPARKING HAZARD

(2 o NONSPARKING FLOORS ARE REQUIRED WHERE
EXPOSED EXPLOSIVES ARE PRESENT

* COVE BASES AT THE JUNCTION OF WALLS
AND FLOORS ARE RECOMMENDED

o AVOID EXPOSED NAILS, SCREWS OR BOLTS

FIGURE 2
S~977
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Figure 3 indicates a typical nitroglycerin facility "inside out" wood Q
frame construction at a concrste floor slab. Note that the exterior cant

strip, the lead conductive floor cant and the wood cap are all sloped to

discourage product build-up and facilitate cleaning. This assembly also

indicates spray on foam insulation as an optional construction item. At

Radford AAP this is a safety approved insulation system. The Insulation

received a chlorinated rubber paint coating for weathering.

978 Q
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INSULATION
(OPT IONAL)

STUO PLYWOOD•j.. LINMQ
•/.-•APE

CANT STRIP'• •'- . WOOD CAP

SOLE PLATE I
FIBERFRAX

C)61 ..

ANCHOR BOLTS
AS REQUIRED

WOOD CANT SECURED WITH
EXPANSION ANCHORS OR BUILT- IN
CONCRETE CANT

EXTERIOR WALL AT CONCRETE SLAB

FIGURE 3
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Figure 4 is a detail of a sloped wood cap. Note that the joints are

taped (at the top of the cant) and caulked (between the lead flooring and

wood cant) to keep manufacturing components and product out of joint*. The

tape material Is 3 inch wide, 2 ply, 100% cotton, grade B fabric with a warp

and fill of approximately 78 x 78 and 72 pounds breaking strength. It

should be adhesive applied using a water insoluble nitrile rubber/resin

solution. These are commonly r~eferred to as "Airplane Fabric" and

"Pliobond 20" adhesive. T1he Fibers rax Paper is used below lead flooring as

an insulation barrier with a 1(w thermal conductivity to resist heat

required for installation of lead conductive floor. Nate also that non-

sparking nails are required. These are usually aluminum or brass.
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FACE OF PLYWOOD

SET WOOD CAP IN NtOOf CALK
--- • --- TAPE

NON - SPARKING NAILS
"(INTO STUDS)

CALK

WOOD CAP-RABBET TOi •FIT TIGHT AGAINST LEAD

S•. CALK

LEAD ON, /1e8
FIBERFRAX PAPER

WOOD CAP DETAIL

FIGURE 4
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BASIC DESIGN CONSIDERATIONS FOR INTERIOR
SURFACES OF WALLS, ROOFS AND CEILINGS

& INTERIOR SURFACE FINISHES SHOULD BE

SMOOTH
FIRE RETARDANT
CRACK & CREVICE FREE
JOINTS TAPED AND SEALED
IF PAINTED, COVERED WITH HARD
GLOSS PAINT TO FACILITATE CLEANING
AND MINIMIZE IMPREGNATION OF FINISH
WALL AND CEILING MATERIALS WITH
EXPLOSIVES

* FOR HORIZONTAL LEDGES WHICH MIGHT
HOLD DUST

AVOID COMPLETELY OR BEVEL

o IN CHEMICAL MANUFACTURING FACILITIES,
CONSTRUCT WALLS Sk CEILINGS OF NONPOROUS
MATERIALS

FIGURE 5
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BASIC DESIGN CONSIDERATIONS FOR INTERIOR
SURFACES OF WALLS, ROOFS AND CEILINGS

* WALLS AND CEILINGS MUST NOT ABSORB AGENT,
MUST DECONTAMINATE EASILY AND RESIST
ACTION BY LIQUID OR GASEOUS AGENTS

* IN EXPLOSIVES BUILDINGS, ROOFS AND WALLS
NOT SPECIFICALLY DESIGNED FOR PROTECTION
OF PERSONNEL AND EQUIPMENT SHALL BE
AS LIGHT IN WEIGHT AS PRACTICABLE (WEAK)
AND SO CONSTRUCTED AND SUPPORTED THAT
THEY WILL VENT AN INTERNAL EXPLOSION
WITH THE FORMATION OF A MINIMUM OF

LARGE MISSILES

* CONTAINMENT STRUCTURES FOR CHEMICAL

MUNITIONS SHOULD BE DESIGNED TO CONTAIN
BOTH THE FORCES OF EXPLOSION AND THE
AGENT DISPERSED BY THE EXPLOSION

FIGURE 6

* Y 983

"". . - -' 4'• :



Figure 7 indicates a roof detail at an exterior wall. Note that the

upper surfaces of joists are detailed to be canted to minimize dust

collection and that all interior joints are taped to prevent manufacturing

components and product from entering joints.
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ROOFING MATERIAL AS REQUIRED

RAFTER

BLOCKING BETWEEN
RAFTERS AND JOISTS

PLYWOOD ROOFSHEATHING

JOIST
STAINLESS

SDO~REUIREDPAE--• •TPCANT STRIP
C. CALK

DOUBLE PLATE

STUD

PLYWOOD LINING-

CANT STRIP ON UPPER SIDE OF ALL

EXPOSED JOISTS OR COLLAR TIES (TYR)

SfEXTERIOR WALL AT ROOF

FIGURE 7
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Figure 8 utxlizes similar sloped car~t strips, taped joint&. ucloped

conductive floor cant 4ind wood cap above lead flooring. Note the use of

non-sparking aluminum oz stainless steel exterior flashing.
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!n
2" THICK SPRAY -PLYWOOD
ON FOAM INSULATION LINING
(OPTIONAL) -- WOOD CAP

clSTUD -LEAD ON i/8"
CANT STRIP z FIBERFRAXPAPER

CALK WOOD CANT
SOLE PLATE-

ALUMINUM OR
STAINLESS
STEEL DRIP PLYWO-OD

FLOORING

BLOCKING"ki r BETWEEN JOISTS-L F. ,-J-IST

CANT STRIP

DOUBLE PLATE----OýTP

(I STUD, "-___--__ "-PLYWOOD LINING

EXTERIOR WALL AT SECOND FLOOR

FIGURE 8
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BASIC DESIGN CONSIDERATIONS FOR
-' BUILDING EXITS AND WINDOWS

EXIT DOORS

SHOULD OPEN OUTWARD
*i SHOULD NOT BE FASTENED WITH

LOCKS OTHER THAN ANTIPANIC
CATCHES OR OTHER QUICK RELEASING
DEVICES

SHALL BE CASEMENT TYPE, GLAZED
WITH NONSHATTERABLE PLASTIC
MATERIAL

MINIMUM OPENING SIZE'
30" WIDE BY 80" HIGH

* WINDOWS

OVERALL SIZE OF WINDOWS SHOULD
BE KEPT TO A MINIMUM
SHATTER RESISTANT PLASTIC GLAZING
IS RECOMMENDED

FIGURE 9
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Figures 10 and 11 are details for a wood equipment door. Hare agatn

all joints are taped and surfaces of the head ase canted. Note that

gluaing 1o acrylic plastic to comply with the Safety Manual requirementa.

Screws k-'or attachatnt of wood door framwe and vision panel stops are

countersunk and caulked. Joints not taped are sealed with caulking. It

should be noted here that Sunflower AAP hias had uajor problems with exterior

wood doors exposed to the weather. A recurring problem has beoen the

delaminatton of wood door matcrAl&s. This may require a changc to a more

weather rosistant door material such as ffiberglaps reinforced plastic,

Details for door* of thi. material are included in the architectural

details.
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SOLIDI ,1 /

I /
ACRYLIC

WOOD OR
PANEL ." ~DOCOR _

11__ -,~- _ _ _ _ _

ELEVATION OF WOOD
EQUIPMENT DOOR

FIGURE 10990o
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PLYWOOD LINING - - SPRAY

WOOD CANT INSULATIONIN SULAT IQN

(OPTIONAL)2 x HEADER-- • TD

CALK"
.-- TAPE

ALUMINUM OR
STAINLESS
STEEL DRIP ,WOOD TRIM

WOOD FRAME ---SHIM AS RECID

SOLID WOOD OR
HEAD PANEL DOOR

PLYWOOD LINING 2"THICK SPRAY

CALK ON FOAM INSUL.

DOUBLE STUDS (OPTIONAL)AT JAMB • APE

WOOD FRAME- WOOD TRIM
-- SHIM AS REdD

CALK COUNTERSUNK
FILL VOID W/JUTE SCREWS 0 2!-0"
BACKUP MATERIAL QC. MAX. (TYP)
AMD CALK (TYP) - CALK HEADS.

SOLI D WOOD OR
PANEL DOOR CALK (TYP)

WOOD FRAME
SEX BOLT ACRYLIC
(CALK HEADS) GLAZIC
CALK (TYP)"

VISION PANEL, DETAIL

DOOR DETAILS

FIGURE II
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figure 12 isi a indow detail indicating positioning, for WOfeOy (..

reasons, of an exterior mounted light fixture for lighting the building

interior. Exterior &od interior of window sills are canted, including the

interior trim. All Joints are taped. All sparkproof metal fasteners are

countersunk and caulked. Note that the light fixture is bracketed off the

window jambs.
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2e THICK SPRAY ONFOAM, OWSLATK)N-PYW

STUD
CANT STRIP-------- •HIEAD)ER

CALK TAPE JOINT
ALL AROUND

ARIP . LA. N

CALK

LIGHT •1 IHEAD
FIXTURE I II I•

•( .... "ACRYLIC GLAZING

CALK

COUNTERSUNK SCREWS 48 WOOD FRAME
120 O. C. MAX. FILL
COUNTERSINK W/CALK
AND TAPE (TYP.).

j CANT STRIP PLYWOOD

4 DOUBLE SILL PLATES

EXTERIOR LIGHTING/ WINDOW DE TAILS

FIGURE 12
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HARDWARE CONSIDERATIONS

* IN BUILDINGS CONTAINING EXPOSED EXPLOSIVE
MATER IALS, EXPLOSIVE DUSTS OR VAPORS

HARDWARE SHOULD BE NONSPARKING
MATERIAL

* FASTENERS SUCH AS NUTS AND BOLTS WHICH
ARE LOCATED SO THAT ACCIDENTAL ENTRY

INTO EXPLOSIVES OR EXPLOSIVE CONSTITUENTS
IS POSSIBLE SHALL BE SECURELY HELD IN
PLACE BY BEING DRILLED AND THONGED OR
OTHERWISE SECURED

FIGURE 13
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This series of slide., F. 1 tFo *1 ou44690 Ito nidleatts a -typical

arrangement of a personnel escape door. The door ti held ianplcw' by a wood

pin &ad a nonsparking bronze or stainless steel spring catch. In FiWar 15.

note that this door In detailed around a aw fibeorgleSs reinforced plastic

material. The standard method for securing et~cspe doors Is by a brean awayi

hardwood latch bar. Note that the latch bar is grooved in the centes near

the door meeting stiles to permit rapid escape by breakinS the latch bar by

pushing out on either or both door leaves.

Figures 17 and 18 detail the latch bar. H4ote that nonsparking metal

is used for all fasteners and that the hardwood wedge in section C-C is set

Sin a full bed of caulking so as not to permit an open joint.

Figure 19 represents two door sill conditions. The pedestrian door

sill is ro.quired at locations where the product is not permitted to drain

out to Qmi.. exterior. Note the 1 in 12 slope towards the interior.

The door sill for wheeled equipment is a flat sill ineeting the entrance

pavement elevation providing a level transition in or out.
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WOOD PmN

- m- -- ACRYLIC GLAZING

" -� -FOAM FILLED FRP DOOR

LATCH BAR
(ON INSIDE)

A A
U. 1/16" BRONZE3/4" R--OR STAINLESS

-- ''I
ISTEEL 132

3P!RIlNG TYPE
i•xrcH DETAIL

FRP PERSONNEL ESCAPE DOOR

FIGURE 14!9



__________WOOD) CANT ()
STUD IHEAD ONLY

TAPE

STAINLESS STEEL
FRP SPACER DRIPOHEAD ONLY

FRP ~EI X 1/8

STOP FILL VOIDS W1
COUNTERSUNK SCREWS URETHANE FOAM
CALK HEADS FOAM FILLED

FRP DOOR

HEAD 8 JAMB DETAIL

ifFOAM FILLED FRP DOOR--

FRP WINDOW FRAME

FRP BAR STOP CAK-TP
ACRYLIC GLAZING

GLAZING DETA IL

FRP PERSONNEL
ESCAPE DOOR DETA ILS

FIGURE 15
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CUT GjOOVE IN DOOR
SIDE OF ARM WHERE
DOOR LEAVES MEET

* ii

SHARD OOD BAR'11 /D

C A"
11/2I Ile
/SEE FI URE NO.S

I 17 AND 18

INTERIOR VIEW OF LATCH BAR

DOOR LATCH BAR DETAILS

FIGURE 16
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I11/2" WIDE
HARDWOOD BRACKET-

010-24 UNC BR~ASS
_ FLAT HEAD MACHINE

WASHER PEE14 THD.
AFTER NUT IS

ý.SET BRACX(ET IN
FULL BED OF CALK

SECTION A-A

HARDWOOD BRACKET-

-SAME AS IN
SECTION A-A

SET BRACKETI
FULL BED OF CALK

~ 1 §DOOR LATCH BAR DETAILS
FIGURE 17
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*10 'BRASS W20D_____C
SCREW X 3/4 LONG

1/4" 0 WASHERS----

WOOD
D~RAWER PULL--

35/8 4
HOLE IN CENTER 

______WEDG

HARDWOOD WEDGE- V/ OFCL

SECTION C-C

11"$HOLE FOR-

I WASHERS

BRASS BOLT
3/ W/ BRASS NUT

HARDWOOD BAR
SECTION D-D

DOOR LATCH BAR DETAILS FIUE1
FIGUErl



DOOR
ROUND EDGE

<: LEAD ON I/8" THICK FISERFRAX PAPER--

I 3/4" PLYWOOD WOOD
BLOCKING--i <

'•WOODJ CALK-
JOISTO NAILQI'-4" O.C. MAX.- BURN

LEAD OVER AND AROUND HEADS

DOOR SILL - PEDESTRIAN
DOOR

LEAD ON I/8"
TH!CK FIBER- NAILeV-4" 0.C.FRA.X PAPER• --- AL.I-"OC

FAPAEF MAX. - BURN LEAD
3/4" PYWOVER AND AROUND

__naEý SEXTERIOR
S~HARDW09D EDGE =l <AKA

W/ 3/4 RADIUS-W A

CALK 8k BACKUP
MATERIAL AS
REQUIRED

WOOD JO',

DOOR SILL VHEEL LF-D EQUIPMENT
FIGURE 19
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"FLOOR GUTTER DESIGN CONSIDERATIONS

* GUTTERS SHOULD BE FREE OF POCKETS

* SUFFICIENT SLOPE ýS REQUIRED (1/4" PER FOOT)

0 DRAIN GUTTERS INSIDE BUILDINGS MAY BE
SLOPED I/8" PER FOOT

* DRAINS BETWEEN THE SOURCE OF EXPLOSIVE
AND SUMPS SHALL BE TROUGHS WITH ROUNDED
BOTTOMS AND WITH VENTILATED COVERS TO
FACILITATE INSPECTION FOR ACCUMULATION OF
EXPLOSIVES

I

FIGURE 20
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A typical interior trench or floor gutter is gh.)wn in Figure 21. Note

the rounded bottom shape and the can~ted or rou.nded bends of the load

coAiiuctive flooring. Als~o note the re4uirement for rounded bearing

murfar~es of the grating cover.
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2"X 12" ALUMINUM C'"
GRATING, OR FRP

PLYWOOD GRATING (ROUND
FLOORING EDGES OF BEARING
LEAD ON 1/0" SURFACES TO

PREVENT DAMAGE
THICK 7 51/4" TO LEAD).FISERFRAX ',•PAPER.-7/ 5 3/4" -HARDWOOD EDGE

FI--R---13/14" RADIUS (TYP)

CALK,._
U)

FLOOR JOIST

IZ

,-- TYP. WOOD BLOCKING

S/4" PLYWOOD

CALK (TYP) -8'x 6" PINE

ATHRU-BOLT
(CALK HEADS)

WOOD FRAME C)NSTRUCTION

LEAD CONDUCIVE FLOOR
FLOOR GUTTER/!ýLOOR INTERFACE
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SAFETY CHUTE DESIGN CONSIDERATIONS

* EXITS TO SAFETY CHUTES SHOULD OPEN ONTO
PLATFORMS NOT' LESS THAN 3 FEET SQUARE
THAT ARE EQUIPPED WITH GUARDRAILS

' SAFETY CHUTES SHALL BEGIN AT THE
OUTSIDE EDGE OF PLATFORMS

I ~ RECOMMENDED SAFETY CHUTE SPECIFICATIONS,

SLOPE ANGLE: 40* TO 500 WITH
HOR IZONTAL

- CHUTE DEPTH, 24"

k RADIUS AT BOTTOM OF CHUTE- 12"
LOWER END OF CHUTE ABOVE
GROUND: 24"

ONE ADDITIONAL FOOT OF HORIZONTAL
RUN WILL BE PROVIDED FOR EACH
ADDITIONAL 5 FEET OF CHUTE LENGTH

FIGURE 22
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Figure 23 is a new standard design for a fiberglass reinforced plastic

(FRP) escape chute which replaces existing sheet metal escape chutes. This

design was baued on a standard detail furnished by thk Corps of Engineers,

Huntsville Division.

Note that the chutes are fabricated of standard FRP sections with

reinforcing rib members. Sections are bolted together. Note also that en

integral support column is necessary for safety chutes extending above a

second floor. The radius of the chute is shown as 6' - O" at the bottom.
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PROCEDURE FOR MAKING CHANGES

Advances in technology, architectural/engin..ring practices or advances

gai.ned from the evperience from the actual on site performance of certain

¶ standard details installed at Army ammunition plants will naturally lead to

proposed changes and additions or deletions from the baselined standard

details. These charges will not. be discouraged. The procedure for making

proposed changes as stated in the Architectural Standard Details is as

follows:

I. Proposed changes, additions or deletions regardless of their
originating agencies or the nature or purpose of the change must
be processed as an Engineering Change Proposal (ECP).

2. The change. are then reviewed by the various concerned agencies.

3. Final approval will then be made by the Configuration Control
Board (CCD).

4. The CE (Huntsville Division) will serve as the focal point for
coordinating all activities associated with the modification of
standard details.(

Figure 24 indicates the flow of proposed changes during the review and

approval process.
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EHUNTSVILLE DIVISION

EC P

CONFIGURATION CONTROL BOARD

BASELINED

STANDARD
DETAILS -

DESIGN AGENCYh

LESSONSD INCORPORATE -- wTECHNIQUE
IN DESIGN PACKAGES

CONSTRUCTION AGENCY

CONSTRUCTION
ENFORCEMENT

~1~

.3 ( FACILITY -owl

FLOW OF PROPOSED CHANGES DURING
THE REVIEW AND APPROVAL PROCESS

"*FOR EACH INDIVIDUAL CONSTRUCTION PROJECT

FIGURE 24
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Airchitectural Staadard Details are available to anyone who requests

them from the Defense Technical Information Ceater, Cameron Station,

Alexandria, Virginia 22314.

The standard details will be given to architects and engineers as

criteria or reference material for new constructic•n or modification design

for munitions production base modernization.

The document itself has been approved for unlimited distribution and

is included in the National Technical Informatior. Service (NTIS) listings.

It is for sale to the general nublic and foreign na,:ionals,

It is anticipated by the Government that these standard details wi].l

serve a useful purpose in assuring uniformity in future AAP designs for such" •• • ]facilities.

01
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INTR#DUCTION

The tri-service manual on desigr of structures to resist blast

loads, NAVFAZ P-397, "Structures to fesist the Effects ot Accidental

Explosions" (Ref 1), does not provide, a design procedure for flat alab

structures. Consequently, flat slab systems are seldom used in blast-

hardened structures even though they are morc economicý1 . in many appli-

cations, than the slab-on-beam systens being desigand. £ shows

typical sections of each system.

Static and dynamic testing of 1.lat slab systems has shown that

design procedures, based on the met.iods and ciiteria of NAVFAC P-397,

result in structures with uneconomically high margins of safety ag•La=:

failure.

In the ESKIMO v- large-scale test of two flat slab roof magazines,
both structures deflected much hII: than would be nredicted by P-397

analysis methods.

In static and dynamic tests at the U.S. Army Waterways ExperimenW

Station, ultimate resistance and failure deflectiGns greatly exceeded

those that would be predicted or allowed by P-397 analysis methods and

failure criteria.

The Department of Defense Explosives Safety Board and the Naval

Facilities Engineering Command have therefore sponsored work to develop

a safe and economical aesign procedure for flat slab structures. A

design procedure for impulse-scnsitive structures, such as storage
i • magazines, is presented in this report.
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The objective of this report is to cittline the preliminary flat

slab design procedure for impulse-sensitive structures and to sumarize

the test results that suppert changes to the ultimate deflection criteria

given in P-397 for concrete structures w.thoat lacinS reinforcement. A

final design procedure with examples wil>. be published this year.

ULTIMATE RESISTANCki,:'

The recomended anaiysis method required in the design procedure

uses the same basic theory, most of "he same notation, and many of the

same equations as are used in the tri-service iesign manual for blast-

resistant structures (Ref 1). An equia•lent single-degree-of-freadom

(SDF) model of the flat slab is described with a plastic resistance

deflection function. The ultimate flexural resistance is determined

Lrom yield-line theory. Response of the system can be found using

equations and charts in Reference 1 for idea(ized iuulie or triangular

loading functions. Since the prediction of th2 responase of reinforced

concrete structures to dynamic loads is relatively inexact, simplifying

assumftio -- made. when -vropriite, to facilitate the design process.

Resu., iay ann clat slaL i.ts are used to establish failure

deflection criteria. Sufficient shear ckpacit , be provided to

preclude premature shear failure and allow developn-ni ýf the flexural
capacity of the flat slab. The reinforcing steel must also qk• ,. 7 to

to support in-plane tensile membrane loads at large deflections.

Ultiu~ate Moment Capacitq

The, ultimate moment capacity of 3tructural sections is based on the

ultimate strength design methods of the ACI Building Code (Ref 2) with

the capacity reduction factor omitted as in Reference 1. For structures

that undergo support rotations less than 2 degrees, the unit moment
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resiatance, M of a Type I cross section, given in Reference 1, may be

uaed. For strcuctures auch aa magazines that will be designed for rots-Ii tion% greater than 2 degrees, Equation 1 should be used.

d c A A' (1)

where d C is the distance between centroids of the top and bottom steel.

The dynamic design stress, fds' for steel reinforcing bar (A15 and A532)

may be conservatively approximated with a dyn&mic increase factor (DIF)

of 1.2, as given by Equation 2, to account for strain rate effects.

fds = 1.20 fs (2)

The static design stress, f., can be approximated (as in Reference 1)

with a weighted average of the yield strength (fy) and ultimate strength
y

(fu) depending on the amount of deflection or rotation of the element.

The strengths recommended for design of flat slabs are shown in Table 1

for the two common reinforcing b3r steel grades.

Table i. Steel Design Stresses (ksi)

f y fJu fs fds
40 70 47.5 57

60 90 67.5 81

Ult'-•t• Flexural Resistance

The ultimate flexural resistance is the static uniform pressure

load, r (psi), that the structural element can sustain during plastic

yielding of the collapse mechanism. This resistar ý is assumed to

remain essentially constant over a wide raunge of defLection. Tihe

value defines the plastic portion of the resislann' de,11ctit..

(see Figure 2). A conservative lower bound can be dptermined usinA
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yield-line procedures (Ref 3 and 4). For impulse-sensitive structures

that can withstand large deflections and support rotations (6 > 5 degrees),

r is the only significant parameter in the resistance deflection func-

tions. (At failure rotations less than 5 degrees and for pressure-

sensitive structures, the elasto-plastic portion of the resistance

deflection curve must also be determined and used in the response cal-

culations.)

The ultimate uniform resistance is a function of the moment capa-

cities of the slab strips, the geometry of the slab, and the support

conditions. A yield-line analysis will be used to determine ru in terms

of these parameters.
Yield-line '%nalysis is an ultimate load determinatiou, method in

which a flexural element is assumed to fail along lines that form a

vdlid failure mechanism. Sectors between yield lines are assumed to

rotate rigidly, and ultimate resisting moments are assumed to develop

along the full length of all yield lines. Equilibritm or erLergy methods

can be used to find the critical collapse mechanism and associated

minimum r value.

Figure 3 shows possible failure mechanisms for a fiat slab similar

to the roof structure in the Type A magazine tested in ESKIMO VI. In

order to calculate the ultimate unit resistance using the energy method,

equations for the internal energy (E) and external work (W) must be

written in terms of ru, the moment capacities of the sections, Qnd the

geometry of the structure and failure mechanism. The expression for

external work is set equal tc that for internal work, and the minimum ru

and the associated geometry of the failure mechanism is determined. The

total external work done by ru is the sum of the work donte on each

section i:

W = r A. A. (3)
u I I.

where A. is the area of sector i, and A. is the deflection of the c.g.
1 1

of rector i. For illustration, see Figure 4, which shows a quarter

section of the flat slab shown in Figure 3b. The external work on
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aector A is the sum of the work done on the rectangular portion and the
work. done on the triangular portion.

r u

The internal work, E, is the sum of the rotational energy done by each

moment rotating through an angle 0.

In a flat slab with different moment capacities for each band of rein-

forcement it is more convenienL to write the internal work in terms of

moments and rotations in the principal reinforcement directions x and y.

E M OX+ F My Oy (5)

wh me Xy 0rX + my sx e y (6)

where emy mv= unit moments in the x and y directions

Ey ,sx = lengths in the y and x directions over which mx and
m apply

0x,ey = rotations in x and y directions

As an example, consider the structure in Figure 4 with sectors A through

E, areas 1 to 5 of equal moment capacities (in bands cof width s), and

A geometry defined by L, H, a, b, c, x, and y. The internal work along

yield line AB (yield line between sectors A and B) is

lxAB ey Am2x(Y OA

"" +m s 0 +3 (Xs )0
V ly Bex B 2y ex B

1014
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Substituting 0A =/x, B A/y

x NX e + 2x(S~) e y 5ex + 32y(x - ex)]

Likewise, along line AC:

EAC *lI - y

The external work on all sectors and internal work on all positive and

negative yield lines are determined and sumied. An equation for ru is
written from: }

W E (7)

Sx A -H ru + .. =mlx(H - y)_ A+

mIx(s " Y).•-+ "H '"
ru : x H-• +..

X T +

Variables x, y, b, and c are varied independently until ru is minimized.

This minimum solution provides the failure mechanism and the value of

ultimate resistance, ru.

Ultimate Shear Resistance

The shear resistance at walls and columns must be sufficient to

develop the ultimate flexural capacity of the slab. The conservative
4 approach for determining ru requires ei conservative estimate of shear

"resistance. Therefore, the following equations are recommended for

determining shear capacity.
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At a distance dc from the wall, the allowable shear stress is:

v *(l.9 f' + 2,500 p) 92.28V (8)

where * equals 0.85 and p equals A /bdc. The limiting factor of 2.28 is

used, rather than the 3.5 in the ACI Building Code (Ref 2), in order to

provide a lower bound on the test data itsed in developing this equation.jAt a distance dc/2 from the column the limiting shear stress is

3. V = 3Vf (9)

This 3.5 factor is again lower than the recommended 4.0 value in the ACI

Building Code.

Calculation of the total shear (V ) at any section should be made
U

using the tributary areas defined by the yield lines. The ultimate

shear stress on z section with large rotations is:

V
_ u bu (10)S :.( Vu b dcic

Minimum Reinforcement Requirements

Even though yield line theory would allow for any reasonable steel

distribution, an elastic distribution is recommended. This distribution

provides good service load behavior and provides an economical design

(see Ref 5).

"The procedure in Chapter 13 of Reference 2 (ACI 318-77) may be used

to distribute moments within defined strips (wall, mid, column) as shown

in Figure 4.

The minimum area of flexural reinforcement on each face should be

at least equal to that specified in Reference 2 for shrinkage and tem-

perature.

!Minimum A (each face) 0.0009 b t (11)
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The maximum spacing should not exceed twice the slan thickness (2t)

nor 18 inches.

To insure adequate tensile membrane strength at large deflections,

the total area of steel in the column strip (sum of top and bottom

steel) should meet the following requirement

A = 0.9 AT (12)ca f ds

where Acs is the total area of steel in column strip (in. 2 ), and AT

(in. 2 ) is the tributary area supported by column strip.

DYNAHIC STRUCTURAL RESPONSE

Charts and simplified equations are available (see Ref 1) to deter-

mine the response of a SDF spring-mass system. Structures designed for

high-pressure loads at short-scaled distances, such as storage magazines,

will generally be sensitive to impulse loading. The maximum response

(Xm) of structural elements which are sensitive to just the impulse

loading (area under the pressure-time load history) and which are allowed

large deflections (greater than 5 degrees) can be determined from the

impulse loading (i), the equivalent mass (me), and the ultimate resistance

(r)-

K4Euivalent Mass

The mass of an equivalent SDF system is not usually the actual mass

of the structure since displacement of the actual system is nonuniform..

Likewise, the equivalent load on the SDF system is not equal to the

actual load but must be adjusted to provide a deflection of the equivalent

3ystem that is equal to the maximum deflection of the actual structure.

The combined load-mass factor, KLM' in the plastic range of behavior can

be determined from the yield line analysis by summing the contribution

of each sector as given in Equation 13
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S= I /c Ll
0 1  (13)

where I = mass moment of inertia about the axis of rotationm
c = distance from the resultant applied load to the axis of

rotation

LI = total length of sector normal. to axis of rotation

M = mass of the sector

(For a constant thickness sector, I[] can be replaced with the area

moment of inertia, I, and M can be replaced by the area of the sector,

A.) The unit equivalent mass is given by Equation 14. Sample calcula-

tions of K are given in Reference 1.

m e KLM m (14)

where m is the effective unit mass in psi-msec2 /in., and m is the unit

mass in psi-msec 2 /in.

4 Respoýnse

For large deflections of impulse-sensitive structures (as would be

expected for magazines), the response of the structure is given by:

X - (15)m 2 m r
C u

* where X is the maximum deflection in inches, and i is the unit blast
m

impulse in psi-msec.

Failure Deflection Criteria

Reinforced concrete flexural elements without lacing steel are

limited to a 2-degree maximum support rotation in Reference 1. Two-way

slabs without lacing were shown in _eferences 6, 7, and 8 to have the
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capacity to deflect well beyond that allowed by the 2-degree rotation

criterion. An allowable rotation of 12 degrees for laterally unrestrained

two-way slabs with L/H S 2 was indicated. The static test in Reference 9

showed thal; rotations greater than 12 degrees can be obtained in flat.

slab structures while maintaining the calculated ultimate load resistance

(ru). With proper reinforcement detailing, a 12-degree design rotation
should be permissible for uninhabited buildings (such as magazines).

The faiju,:e deflection limit would therefore be

0 = 120
u

= L2tan 120 = 0.2 L (16)

where L is the length of the shortest rigid yield line sector (the

shortest sector, Ls, rotates through the greatest angle, 0).

Ammznn and Whitney Consulting Engineers, in Reference 10, recomend

a design failure rotation of 8 degrees maximum for magazine structures.

However, if the reinforcement is detailed properly to allow for tensile

membrane behavior, rotations of at least 12 degree6 can be achieved.

The minimum steel requirements assure adequate membrane resistance. (

The formula for minimum column strip steel (Equation 12) is based

on the average tensile membrane resistance of a one-way slab at deflections

from 4 to 12 del;rees rotation of the yield lines. Flexural capacity is

dominant to aboat 4 degrees rotation and the failure limit is recommended

as 12 degrees.

DESIGN PROCEDURE

Problem

Design a flat slab roof subjected to a given impulse load from an

"explosion.
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Procedure

1. Establish geometry, including interior dimensions and column
location.

2. Determine elastic distribution of moments using methods in

41 iReference 2.

3. Use yield line analysis to determine the ultimate resistance,

rut in terms of the moment capacity of the slab and to determine

the load-mass factor, KLM.

4. Assum. a trial thickness, T, and minimum reinforcement ratio

(Pmin = 0.0009 bt for first trial).

5. Calculate ru, me' and X. and compare Xm to Xu. Repeat 4 and 5

until acceptable response is obtained.

6. Check for minimum steel in column strip (Equation 12). Add

if r!quired.

4 7. Check shear stresses a. column capitals. Check shear in slab
. . a4jacent to columns and walls. Add drop panels if necessary

(generally required).

TEST RESULTS

ESKIMO VI

ESKTM' VI (Ref 12) was a one-half scale test of two box-type explo-
sive storage magazines with flat slab roofs: the type IIB and the

type A. The type IIB is an older, unhardened design that is used at

nonstandard spacings as given in NAVSEA OP 5 (Ref 11). The lIB was
located at a distance of 1.25 W1/3 to the side of the donor. This is

I the side-side spacing requirement for both standard and nonstandard

magazines and was considered the critical location for the IIB magazine.
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The type A magazine is a hardened structure designed to replace the

IXB and to be located at standard magazine spacings. It was placed to
the front of the donor, at. the standard magazine spacing of 2 W1/3 C
which is considered to be the critical location for the loading on the

flat slab roof.

A TNT equivalent charge weight of 44,000 poiunds was detonated in

the donor magazine to simulate a full-scale detonation of 350,000 pounds.

Using the measured loads and yield line resistance (r ), and SDF response,

the maximum deflection of the hardened type A magazine roof was predicted

to be 3.8 inches (0 = 4.2 degrees). The measured peak deflection was

between 1.0 and 1.4 inches (1.1 to 1.5 degrees).

The unhardened IIB magazine was predicted to fail in shear before

deflecting the predicted 4 inches. It did not fail and only deflected

between 1 and 2 inches.

The response of the two flat slab roofs, which was between one-third
and one-half of the predicted values, is an indication of the conserva-

tive analysis methods used in design. The initial arching action in the

test slabs at smaller rotations and deflections resulted in especially

conservative predictions. Predictions of larger deflections would

probably be less conservative.

WES Flat Slab Tests

The U.S. Army Waterways Experiment Station (WES) conducted static

and dynamic tests on a flat slab system (Ref 9). The static ultimate

resistance, ru, was calculated by WES using yield line analysis to be

12.7 psi. After the test WES calculated that the test specimen could be

shown to have an ultimate resistance of 17.9 psi if some of the conser-

vatism in the original calculation was removed. The static ultimate

resistance, calculated with methods and criteria in this report, would

be approximately 15 psi.

The static test resistance-deflection results (Figure 5) show a

peak resistance of 26.6 psi and a sustained resistance of 15 to 17 psi

at rotaticons much greater than 12 degrees. Figure 5 summarizes the

results of the static WES test and shows the design resistance-deflection
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function that would result from use of the procedure recommended in this' I report. The test wgs terminated when steel pulled out of the concrete

near the edge of a drop panel in an extetior panel. This failure mode

can be designed against by providing continuous steel between supports

(walls and columns) with adequate anchorage over supports.

The same slab design was tested dynamically with long-duration

loads to simulate nucleer yields. In the first dynamic test the peak

pressure of 20 psi was expected to produce considerable structural

damage without collapse. However, no significant structural damage

k• occurred. A peak deflection of 0.41 inch (0 = 1.1 degrees) was measured.

The second dynamic test of the same slab had a peak applied pressure

load of 30.1 psi. This test failed the slab in a manner similar to that

in the static test. Slab rupture did not occur until bars pulled out in

regions of splicing near the columns.

The recommended design resistance-deflection function is shown in

Figure 5 to be safe compared to the WES test results and to greatly

improve the predicted capacity of the flat slab as compared to the P-397

criteria, which only allow 2 degrees rotation.

PCA Two-Way Slab Test Analysis

The Construction Technology Laboratories of the Portland Cement

Association used test data to develop design criteria for the ultimate

deflection capacity of two-way slabs (Ref 6, 7, and 8). Although the

supports differ in two-way and flat slabs, the ultimate deflection

capacity should be similar. The PCA reports show that a 12-degree

ultimate rotation is a reasonable design criterion for two-way slabs.

CONCLUS IONS

Test results indicate that current procedures for flat slab design

based on NAVFAC P-397 criteria are very conservati e. A design criterion

using 12-degree ultimate rotation (without lacing iteel) appears safe
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and will produce significant savings in construction costs. The recom-

mended design procedure results in an increase in impulse capacity of

2.5 times for a given section. Design for a given impulse will result

in a theoretical reduction in section thickness of 45% (if the steel

percentage is held constant). Verification of this procedure and criteria

should be a part of ESKIMO VII, which is now in the planning stage.
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TRI.411V1C1 RE.AIt DIN MANUAL

___ ~ 13mr "MUflII TI) RITTHE DICT OF ACCIDENTAL, EXPLOIONS"
(TN 5-1300, xAWAC P-397, AnM W822)0

C

Angelo Castellano, Joseph Caltagirone, ARRADaXI

Frederick E. Sock, Norval Dobbs, Azmnn & Whitney

J ABSTRACT
I Initial guidance in the field of protective structures design was

provided In 1969 with the publication of the Trn-Servioe Design Manual
"St-uatures to Resist the Effects of Accidental Explosiong" (TM 5-1300,) NAIVAC P-397, AFM 88-22). The manual presents procedures for determining

the blast effects resulting from an explosion and techniques for the design
of reinforced concrete structures subjected to blast loads. A oonsiderable
smount of data, much of it not covered in the ourrent manual, has been
acumilated since its publication. This information has brougt about the
urgmnt requir&mont for revising the manual. This paper briefly describes
the topios in che manual that will be revised, those that will be added,
the format of tt new manual, and the various ommittees set up to oversee
the revision.
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RE=•~ON

,I-.SRVICE RN.ILA"ORY MIGN MAUAL
"-r•)'TUC~lRE TO RUMI, THE D"FFEW' OF ACCIDWAL !•oLCtN3'

Introduction

The initial guidance in the nighly specialized and ocmplex field of

protective design was provided in 1969 when the Trn-3ervioe Manual,

",S3tructures to Resist the Effects of Accidental Explosions" (ref. 1) was

published. The manual presents procedures for determining the blast

effects resulting from an acoidental explosion and also techniques for the

design of reinforced concrete structures which will provide protection for

personnel, equipment and other explosive Items.

A considerable amount of data (published as technical documents and

* others yet to be published) has been aocwwulated since the development of

the Tri-Service Manual. Although some of this data updates the information

contained in the manual, most of it deals with topics not covered

initially.

Efforts by the Army, Navy, Air Force, and Private Industry in the area

of blast effects and structural design created the urgent need for the

revision of the manual to include recently published data and additional

information. The publication of the Tri-Service Manual was considered a

major step forward in the field of explosion-resistant protective design.

The revision of the manual and the addition of newly developed technology

will greatly improve this important document.
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0 This paper describes qualitatively and in a oonoised form, the various

topics in the manual that will be updated. Additional topics to be

included will also be described briefly. The functions and activities of

the various ooiMMittees set up to oversee the revision of the manual will be

presented.

Organization of Committees

Figures I and 2 show an organization chart of the various institutions

and individuals involved in the revision and update of the Tri-Service

Manual. The revision of the manual is sponsored by the Department of

Defense Explosives Safety Board (DDESB). The U.S. Army Armament Research

and Development Command (ARRADWXM) provides administrative and technical

guidance to the Steering Committee. The ARRADCOM team has also the. task of

preparing the revised manual through a contractor, Ammann & Whitney,

Consulting Engineers, New York, N.Y., and their subcontractor, Southwest

Research Institute, San Antonio, Texas.

Steering Committee

The Steering Committee, comprised of experts from the Department of

Defense Explosive Safety Board (DDESB), Army, Navy, Air Force and the

Office of the Chief of Engineers (OCE) (fig. 2), meets twice a year to

review the findings and recommendations of the two subcommittees; namely,

Blast Technology and Design Application. The Steering Committee will

periodically review the revision of the manual.
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Blast Tetuolgy1 anid Deanyo Application ibomtes()

eaubcmmttees consist of personnel from the Army, 'Navy, Air

Foroe, D88B, WE) and private industry (fig. 2). They meet every four

months to itdentify new technoloioal advanoes and to recommend appropriate

revisions. They will also review the revised manual at the 50 peroent

step of oumpletion and the final draft.

Topics to be Revised

Two of the most frequently used design aids in the Tri-Servioe Manual

are Figures 4-5 and 4-12. They show the variations of pressures, impulses,

veloities mnd other parameters of shook waves with scaled distances based

upon tests performed with TNT. Since their development and incorporation

into the manual in 1969, additional theoretical and empirical information

has become available, some of it published in the manual prepared by (
Southwest Research Institute (SWRI) for the Department of Energy (ref. 2).

Some of the curves illustrated in the figures have been revised and refined

by C. Kingery of the Ballistic Resaarch Laboratories (BRL), and these new

curves will be incorporated in the revised version of Figures 4-5 and 4-12

(figs. 3 and 4).

Other figures and charts to be revised include, but are not limited

to, the following:

1. Figure 4-6 (fig. 5), Reflected Pressure Coefficient vs. Angle of

Incidence - Will be replaced by new curves for pressure and

impulse variation.
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2. Figure 4-63, Exterior Leakage Pressure vs. Groun-Soaled Distane

-The existing curves in the manual are out-dated and will be

replaced. The bulk of the new data will be extracted from CEL

Report TR R828 (ref. 4i).

3. Figure 4-65, Maximum Mean Pressure in a Partially Vented Chamber

At present, the four existing curves, namely, N(L, Weibull, SWRI

and TM 5-1300 (fig. 6), depict different conditions for mean

pressure in a chamber. These curves will be analyzed and

additional data from tests performed in Norway and the United

Kingdom will be added to form a revised curve.

4. Figure 4-72, Leakage Pressure Coefficient vs. Pressure

Differential - Recent test data will be examined for the revision

of this figure (fig. 7), which is considered to be inadequate.

5. The human tolerance table will be updated, using recent data

published by the Lovelace Foundation.

Besides the revision of other tables and figures in the manual, some

topics have to be updated appropriately. One such example is the effect on

explosive output due to shape of explosive and number of charges. This

data which was previously referred to as "TNT Equivalency" will now be

referred to as Equivalent Charge Weight with the effect produced by the

variation of explosive material referred to as TNT equivalency.
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Additional Topics to be Included

Since the development of the Tri-Service Manual, ARRADOWM and other

organizations of the Army, Navy and Air Force have done a considerable

number of studies on blast effects and the blast-resistant capacities of

various structural elements. These studies will be reviewed and the topics

pertinent to the subject of the manual will be incorporated. Some of these

topics are listed in Figure 8.

Format of Revised Manual

To account for the addition of much needed information such as that

outlined in the preceding sections, the revised manual will be div+ed ijl _

five volumes.

V Volume I- Blast Loadings: This section will include the revisions of

the first four chapters of the present manual and also additional topics

such as the effect of charge shape on pressure output, and multiple

explosion effects.

Volume II - Concrete Design and Fragment Impact: The bulk of the data

in this volume will constitute the revised information from Chapters 5, 6

and 7 of the present manual. Additional information will include, but not

be limited to, below ground concrete cubicles, single-revetted barricades

and response of flat slabs to pressure-time loadings.

Volume III - Steel Structures: This volume will contain primarily new

information. Design criteria for steel elements and structures will be

provided, together with results of tests performed on pre-engineered and

strengthened steel buildings.

1040()

61,o TIT- |-



0Volu IV - Other Factors to be Considered in Explosive Facility

Design: Chapter 10 of the ourrent manual will be revised in this volume.

Data will also be provided on sate separation distanoes between explosive

items, blast-reSistant capacities of glass windows and frames, and

earth-covered magazines, etc.

Volume V - Ccq4Jter Program and Guide: Like Volume III, thib section

is new and will deal with the computer programs currently available to the

Army, Navy and Air Force. The listing of the highly specialized programs

(i.e., those programs written for blast design) will be provided in this

j volume.

It is hoped that the division of the revised and updated manual into

five volumes will allow Lor a detailed and vivid presentation of the
various topics in this highly complex field of blast design. References

will be provided in each volume in the event that additional information in

any particular topic is required.

Conolusions

The rev1sio.3 and update of the manual will be completed by the end of

1983. By then, it is anticipated that the five volumes that constitute the

manual will contain the most recent data available in the area of

protective design. Memos have been sent out to various Division Engineers

and Commanders of the Army, Navy and Air, Force asking tham to identify any

shortcomings of the present manual. iheir responses have been taken into

account in order that the final majuul will satisfy the needs of the

"various users.
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1. Pull osntaii t and below ground cells and single-revetted
barricades.

2. Overturning of structures subjected to blast loads.

3. Primary fragment penetration and seondey frgmt iqmot.

4. RJltiple explosion souroes, simltaeoub and sequential
detonmations.

5. Dsegi of struetural steel buildings.

6. Pre-engineered and strengthened steel buildings; structural steel
elements (ARIIADW)H reports).

7. Comquter analyses of frame struotures and other structural
elem1ts.

6. Tests performed on cold-formed steel panels, window frames and

glass, including performance specifications for blast windows.

9. TNT equivalenoies of explosives and propellants.

10. Leakage pressures due to venting.

11. Ground shook effects.

12. Blast environment due to explosions within structures.

13. Blast environment within structures due to explosions outside the (
structure.

14. Blast door design. Results of ESKIMD test series.

15. Design of reinforced concrete flat slabs, beam and oolumn.

16. Suppressive shielding design.

Figure 8. New data to be incorporated in the Protective Design Manual
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M3TKOD3 FOR EVALUATING THE EFFECTS

RAIN ON POIMT-DITONATINOC.FUZES AND IMPACT SWITCHES

by

Richard B. Belmonte

Chemioal Systems Laboratory
Aberdeen Proving Ground, MD 21010
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SECTION to INTRODUCTION

Point-detonating fuzes (PDFs) used on artillery rounds and
impact switches on HEAT ammunition are impact-sensitive devices
(ISOs) designed to initiate the explosive train of ammunition
upon impact with a variety of solid and semi-solid surfaces. To
assure that these devices function reliably, requires that they
be made highly sensitive to impact forces. As they become
increasingly sensitive to impact to improve their functional
reliability, the probability that they will function prematurely
increases when fired through rain. Such premature functioning
makes the round less effective, and can be hazardous to friendly
troops. Thus, there is a need to test developmental and
production ISDs for their sensitivity to premature initiation
when striking raindrops during fligh. 3  Testing ISDs in natural

Si...s .... usually .... mp'ractica 1 se rain varies widely in
, intensity, producing conditions that are not controllable or

reproducible. Additionally, even locations that normally provide
a avorable rainy climate may experience relatively dry months

the required conditions may occur infrequently (reference
1). Therefore, test methods, capable of producing the required
test conditions on demand in a reproducible and controllable way,
are desirable.

A Test and Evaluation Command (TECOM) Test Operation
Procedure (referenc , 2) specifies that ISDs are insensitive to
vegetation (light bruo ) if they do not function upon impact with
a sheet of 3.2-mm (1/8-inch) thick wood veneer. In 1965, an
Aberdeen Proving Ground (APG) staff study (reference 3) on means
for simulating the effects of rain on ISDs concluded that the
same 3 .2-mm wood test should be used for evaluating the impact
sensitivity of ISDs to rain. Since then, however, there has been
steady progress in the design of ISDs so that now a requirement
for test methods of increased sensitivity and validity exists.

SECTION 2. DETAILS OF INVESTIGATION

2.1 DEFINING THE ENVIRONMENT

To require that ISDs be insensitive to all rainfalls which
may occur is impractical. Such a requirement would necessitate
that ISDs be safe in extreme conditions to which they are only
rarely subjected in isolated localities. Consequently, it is US
policy that a certain level of risk must be acceptable so that
ISDs are not unnecessarily overdesIgned. The risk policy,
applicable to environmental conditions, is established by MIL-
STD-210B (reference 4).
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2.1.1 Rain Parameters

A i% extreme is used in HIL-STD-210B as the design criterion
for, operations for all but two climatic elements. These are
surface low temperatures where 20 percent risk is used, and the
surface rainfall rate where a 0.5% extreme is used.

Once the risk for rainfall is assigned as 0.5 percent, the
corresponding rainfall intensity, based on many years of
collected rainfall data, can be defined as the 10o5%-risk
rainfall" against which all ISDo must be tested and evaluated.
The physical parameters of the "0.5%-risk rainfall" must be known
so that they can be reproduced in a manner that makes it possible
to simulate the flight of a projectile through a natural "0.5%-
risk rainfall".

I- Rainfall of a given intensity can be described in part using
three parameters: terminal velocity of drops, water temperature,

4 ,and drop size-distribution. Drop-size distribution of a rainfall
is usually expressed as the number of drops within a given
diameter range per unit volume of air. This is the most useful
rainfall parameter for this study. From it, it is possible to
determine the expected drop sizes and frequency of impact that an
ISD might encounter during flight. From that, it is possible to
begin the search for a realistic rain simulator that will
reproduce the environment experienced by an ISD in a "0.5%-risk
rainfall".

2.1.2 Description of Impact Sensitive Devices (ISDs)

STwo point-detonating mechanical devices are commonly used to
desensitize artillery PDFs to rain. The crush cup type fuze has
a honeycomb fixture supporting the plunger for absorbing the
klnetic energy of raindrops striking the PD (impact-sensitive)
element. The M557 PD fuze, representative of this design, is
shown in figure 2.1-1. This is a non-recoverable type ISD
because the effects of each drop are cumulative. The point-
loaded type fuze has in effect a spring-mass system which
dissipates momentum onto the shell, continuously rentoring itself
to its initial position. The M1526 PD fuze, representative of
this design, is shown in figure 2.1-2. This is a recoverable
type of ISD because the ISD may recover from the effects of each
drop in time. A variation on these devices may use a recessed
cavity with, for example, crossbars of sufficient strength to
shatter the drops into smaller size, and simultaneously dissipate
some momentum onto the shell. An example of this type of fuze is
the M739 PD fuze shown in figure 2.1-3.

IHEAT rounds have a standoff spike containing a piezoelectric
power source that initiates a point-initiating base-detonating
(PIBD) fuze in the body of the round. In one fuze design,
piezoelectric power source is activated when the piezoid ts
crushed during impact. Below a threshold impact impulse the
output from the piezoelectric device is insufficient to initiate
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the PIED fuse. The piemoeleotric device is protected from
external impacts by a spring that prevents the impact switch from
crushing the piegoid. In easese, this device Is desensitised as
a mass spring system just As are the point-loaded artillery
point-detonating fuses. A seoond design, the full-frontal area
impact switch design, does not require that the pioeoid be
crushed to initiate the tuiet it is only necessary to close the

switch between the piesotd and the fuze by deflecting the outer
shell of the ogive sufficiently to cause it to contact the
grounding sleeve within. This design, the M456A2, is shown as an

illustrative example in figure 2.1-4.

2*2 EFFECTS OF RAIN ON I4PACT SENSITIVE DEVICES

Having defined the 00.5 %-risk rainfallm, the physical
phenomena experienced by ISDs flying through rain can be
specif,.ed. These phenomena can be used as standards against
which proposed test methods can be compared. Those test methods
which most realistically reproduce the effects of the O. St-risk
rainfall& on I8Ds will be recommended for additional
consideration and possible validation.

Of practical interest are PDF* used on artillety ammunition,
and impact switches, the impact sensitive part of HEAT
ammunition, fired through a rainstorm. The muzzle velocities
experienced by ISDs range from 45 m/s for the H2 60-mm mortar at
zone 0 to approximately 1200 m/s for some HEAT ammunition
(reference 5). The flight-path length can be from a few hundred
moters to tens of kilometers.

The spatial distri'bution of drops in a rainstorm is

nonuniform, and it is reasonable to assume they are Poisson-

distributed throughout space (reference 6). Assuming this
distribution yields an equation for the probabtlity of
ISO/raindrop collision (Pc), namely)a

n -cS/aO•lya

PC - 1- 7 e probability of at least one collision.
i-l (1)

where

s - Distance ISD has travelled through rain (m)b

m0 ,i - Xxpected distance that ISO will travel between
collisions with drops within the ith size interval (m)

n w Number oZ drop-size intervals

aN. parameters are relisted after they have once been defined,

however, a list of parameters and their definitions can be found
at the end of the report.
bAppropriate SI units of me-isuremernt are shown in parentheses as

applicable.
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I . if the aenter of a raindcop lies within a distence r 0 (to )
from the oenter of the 18DO a oollision will takf plaoe. T e
effective aross seotionaX area will be (r 0 + r1 ) . As the 2 D
travels through a distance "Odx, a volume equal t-to+r 0  ri)2 dx
io swept out. For a given uniform volume density, 01, the lumber
of raindrops enalosed by the generated volume to (to + r, ) Eaid
8ince the raindrops are asuned to be stationary, tho" average
distance (mean free path) that an 1ID vwil travel between impact
is:

1

NOI (to _frA(2)

where

to - Radi.us of impact-sensitive area of ID 'a)
ri - Radiu of raindvops of ith size intervl (a)
i a -uaber of raindrops 1f 0t, size interval in a

unit voluxme (drops/r ).

laced on theme equations the expected number of impacts
experienced by an ISD ( 04 i) with raindrops with the ith sis*
interval during a flight can he calculated as:

H0#t U L/met (3)

where

L - flight path length urder conuideration (W).

Figure 2.2-1 plots the mean free path of SD•s through the
"O.5%-cisk rain~fall" varsus the 10D diameter. Figure 2.2-2'plots
the expected number of impacts experienced by ar ISD per 1000
meters of flight through the "O.5%-riaL rainfallm.

The probability that the IS will impact Q drops of the ith

isie interval ever a flight path of L meters is:
""HBo,/Q

N) - 0 (o)/(4)

Yt is apparent from figure 2.2-2 that an ISD experiences
multiple impacts with raindrops during a typical flight through
the 00.5%-risk rainfail*. Each collision transmits an impulse to
the sensitive area of the ISD. The maximum impulse, 1, caused by
the raindrop striking the impact-sensitive eiement depends on the
velocity of impact and aime of the drop as shown in Pigure 2.2-3
and as d.1escribed by Xquatioa 5.

I a 4/3 1r rd 3 pVo (5)

where

3
p - Dtn,£ity of the raindrop (kg/mn)

VC - Velocity of impact (a/*)

rd - Radius if raindrop ,m),

AF 1.059,0 Z
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Figure 303-4 In a Flat of the expeoted impaet-iapulee
e.ntribution of the -various drop-sise intervals (each covering
0. 25 on) to the total impact impulse emperitenced by an 18D. As
expeoted& this refloots the mass distribution of vater by drop
mine interval in the e0.S%-rish raitfell Figure 3.2-5 shoVe
what proportion of the total impulse experienced by an ZSD Is
contributed by raindrops less than a certain diameter. It shows
that raindrops between 1.5 am to 3.0 mm in diameter contribute 54
percent of the total impulse. Any rain-simulation test method
should pattern itself on such a distribution if it is to be
realistic.

A crush-type PD element absorbes energy from raindrop impacts
am its absorption medium progressively compressmes The energy
(R) absorbed when subjected to rain is derived by Lucey
(reference 7) ams

n
S Hi NiKai + (PO + P )At8 (6)

where

KRI - Kinetic energy of one drop of the ith nine
interval when striking the impact-sensitive element in
flight (W)

po - Stagnation pressure of windstream (Pa)
Pa o Atmospheric pressure at the 18D launch site (Pa) 2A - Frontal area of impact-sensitive region of KSD (a

- Total displacement of firing pin (a).

From Xquation 6 it is evident that the energy absorbed by the
crush cup depends on the drop-size distribution and flight-path
length. The effect of each drop is cumulative, with no recovery
after impact. Crush-type PDFs may be considered to have non-
linear springs. Applying this assumption, it is possible to
consider the crush-type PDFs similarly to the point-loaded
ISDs. Both can be described mathematically using the classic
spring-mass equation as shown by Hausner (reference 8).

m- 4+ kx = F
*edt (7)

where

-- Lumped mass of impact-sensitive element (kg)
x - Variable displacement of impact-sensitive element (n)
k - Spring constant of tmpact-sensitive element (nonlinear

for crush-type PDrs) (X/i)
F - Impact force imparted to ISO (N).
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This model assumes that, (
a. The impact-sensitive elements have one degree of freedom.

b. No friction is present.

c. Aerodynamic drag is constant.

d. Velocity of ISD is constant.

e. Apring deflection is proportional to the force applied to
it (k is constant). Not true for crush-type fuzes but an average
value for k may be used.

f. Energy transfer to impact-sensitive element is nearly

instaneous, so effects may be considered in terms of momentum
transfer (F - 0).

The general solution of Equation 7 has the form

x - A sin w t + B coo w t (8)

where A and B are constant, coefficients to be determined fromI(/el/ At time t equal to zero,boundary conditions and. w is 1 At

some initial displacement do may exist in the suspension of the
impact-sensitive element, and an initial velocity I/me will be
imparted to the impact-sensitive element. The two boundary
conditions yield a solution given by Equation 9 for displacement,
and Equation 10 for velocity%

x = do cos w t + i sin w t. (9)

dx -w do sin w t + 3M-cos w t (10)

dt

At time t* when the impact-sensitive element bottoms, it will
have bean displaced a distance d from its relaxed position. The
velocity of the impaut-sensitive element at time t* will be equal
the bottoming velocity (vb). Rearranging Equations 9 and 10 and
substituting t* for time yields

I

dt = do co wV t* + wme sin w t' (11)

Ib- - do sin w t* +-WWe coos w t* (12)

w
Squaring Equations 11 and 12 and adding to eliminate
trigonometric functions gives

dt
2  = d 2+ (1) 2

22 0"t d 
(13)

Vb 2 k (d 0 2ed2+t2 (14)
ba
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equation 14 shows that the critical bottoming velocity squared
depends on the square of the initial Impact-soensitive-elemontdisplacement (do) and the square of the initial velocity Impartedto the impact-sensitive element4-. The bottoming distance,

to constant for a given ISD. Me

From this model, it would be predicted that the bottoming
velocity of the 'tmpact-sonsitive element will be identical for
impacts caused by drops of a given size interval striking at some
velocity, unly when the impact-sonsitive element is struck while
at its relaxed position (x - do). When the impact-sensitive
element is struck while it is not at its relaxed position, the
bottoming velocity is different. During the critical time, t ,
while the impact-sensitive element Is moving due to an impact, a
second impact, normally incapable of causing excessive bottoming
velocity alone, may cause the critical bottoming velocity to be
exceeded when combined with the effects of the previous impact.
The synergistic effects of multiple drops striking the impact-
sensitive element within some critical time, tc, of a previous
Lmpact must be considered. The ISD will detonate provided that
the residual velocity, V , needed to initiate the detonator.
This residual velocity is aerived by equating the energy input to
the impact-sensitive element when struck by a raindrop to the
displacement energy and residual energy after striking the
detonator. In equation form, it is represented by Equations 15
and 16.

1 ,e aV 2' 1 um/kd, + '/ aVr 2  (15)

yr - V2- (X/% )dt~ (16)

When Vr > Vc the ISO will detonate. To realistically simulate
the rain/ISD interaction requires that the ISD be subjected to
multiple impacts at a frequency and energy level similar to that
encountered in the natural "0.5%-risk rainfall* environment. The
number of impacts, however, may be minimized because it is most
probablo that detonation will occur when relatively large drops
strike the impact-sensitive element during the critical time when
the firing pin is not at its limit stop. Once the critical time
after a particular impact is past, the effects of that particular
impact are nil. A few drops impacting a point-loaded POP or the
impact switch of a HEAT round in rapid succession would
effectively produce an ISO response similar to that expected in a
natural "0.5%-risk rainfall". For ISO of the recoverable
response mode, the impact frequency and energy 14 more important
than the quantity of impacts.
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Crush-type PD~s have a different response mechanism than
point-loaded PDIP and the impact switch of HEAT rounds in that
impact effects are cumulative. For I9Ds of this type, the number
of impact exposures to rain must closely match that to which it

will be exposed in the w0.5%-risk rainfoll" over its normal
flight path. The Zrequency of impact is much leoc important than
both the number of impacts and the energy level of impact
exposures.

PODs having crossbar proraction are designed similarly to

either the crush cup or point-loaded type PDP*, but are mod'fied
by a barrier that is designed to decrease their sensitivity to
impacts with rain and vegetation. Although the effects of impact
may be diminished using thin type barrier, and IS sensitivity
prediction may be difficult, the impact-sensitive elements can be
modelled by either of the two aforemez.tioned methods. as
applicable.

A typical HEAT tank ammunition responds to rain impact much
like point-loaded artillery PDFs. That is, the effects of rain
striking the impact switch ate not cumulative. The frequency and
intensity of impacts are more important than the number or
impacts.

When exposed to nominal rain for sufficiently long periods of
time above velocities of approximately Mach 0.8, most materials
used in the fabrication of ISDs show signs of erosion damage.
Although an important phenomenon, erosion 6oes not cause
premature initiation ISDs, but may be a contributing factor.
Erosion may increase the probability that a drop of a give-) size
will cause an ISO to detonate, particularly for a PDF having a
barrier. A8 the barrier is eroded its effectiveness is
diminished, and a drop is more likely to strike the impact
sensitive element. For other ISDs the contribution of erosion to
a premature detonation is unknown.

A realistic simulation of an ISO flying through rain requircs
that the simulation technique be capable of producing in qoick
succession aumerous water drops directed at an ISO at high
velocities. In this manner, the effects of erosion and the
synergistic effects of multiple impacts will be reproduced.I• 2.3 PROPOSED TEST METHODS

Many methods have been developed and used to simulate the
effects that rain have on ISDs during flight. The Joint Army-

Navy-Air Force (JANAF) Fuze Committee published a survey of rain
simulation techniques in 1967 (reference 9). Some methods were
developed to determine the sensitivity of IS D to premature
detonation, while others were deve.loped to evaluate the extent of
erosion to the ISDs after being fired through rain. Regardless
of the purpose for the'.r development, each technique possibly
could be adapted to help fulfill the requirements of the TFCOM
test siasion with regaras to the impact sensitivity of ISDs.
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s elmonte (reference 10) compares the advantages and
disadvant&gesf of the devices include exploding foil, liquid-

i W• impact simulators and pcwde: gone to propel water drops at
"stationary MeDs *nd rotating-arm machinee and rocket sleds to
propel ISDs through simulated taiý'fall. The test methods aore
doscribed in references 11 - 15.

2.4 ANALY3IS OF TEST METHODS

Each of the techniques used to simulate rain impacts with
ISDo have been used with success by its developer. Each presents
TECOM with a potential method for conducting its mission in the
evaluation of the impact sensitivity of fuses and HEAT rounds.
While each could possibly be used successfully by TECOM, one
method or combination of methods must be chosen for use within
TECOM, initially based on a technical analysis of the
alternatives. Once the alternatives have been reduced, a final
choice may be made based on system proof tests and economic
conaiderstions. Considering the construction of impact-sensitive
devices, the nature of the environment to which they must be
exposed and remain functionul and sate, and the interaction of
the two during flight, several important physical parameters are
described. These parameterb are used as a basis against which
proposed test methods are essessed. Most importantly the test
method should be capable of performing the .ollowing functions:

a. The impact velocity must be variable between 40 m/s and
S1200 r/s, yet be reproducible and controllable

b. The rain simulator must produ'ce raindrops of the right
sizes and be capable of producing a variable simulated rainfall
intensity. This providos the control necessary if ISDs of both
response models are to be tested.

C. The test method should be relatively insensitive to
uncontrollable circumstances, for example, weather conditions and
equipment shortages.

d. Adjustment or downloading the ISD should not be required
to protect the facilities

e. Facilities must be adaptable to the instrumentation
necessary for recording test events.

Artillery PD fuzes may have a flight path of 25 km or more.
First thoughts would be that the chosen test method should be
able to simulate 25 km of "0.5%-rt.sk rairtall". This is not
necessary, however, since the "0.5%-risk rainfall" is a very
heavy rainfall. Usually a very heavy rainfall is quite
localized, so it is unlikely that the high intensity rain would
be present throughout the tlight. Additionally, the apogee of a
long rang3 projectile flight may be in or above the rainclouds
where the existing droplet size distribution is not the same as
at ground level. Thus the PD fuze will normally be exposed to
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the '0. s%-t tk rainfall" intensity or greeter only on a
relatively short portion of Vts flight path* While 4o shor dit*WA
dist1ance for the eimulatad rainfall can be 6aLd to be tOtally

adequate, practiual oonsiderations of available land, watr,_
instrumentation, &ad funds Make a truncated siNulated rainfield a
necessity. Additionally, the impact conditions for a fuse in an
actual rAinfl.eld (artificial or natural) -are bound to vary
consiosrably for a series of shots, due to the random character
of impacts, thus requiring a statistically acceptable number of
test shots in order to establish a sufficiently reproducible test
standard. This may become overly expensive with the ute of some
teat methods, such as a rocket sled test track.

The first typical response mode of IS0 is evidenced by
crush-type DPOs which do not recover after each raindrop
impact. Whether a fuse of this type prematurely detonates or not

depends on the number and size of the raindrops, and velocity of
the POF. The test method should closely match the tot, I energy
absorbed b-, the PDF as shown in equation (1). To do this
requiiro tz.,t the number of drops within a size interval striking
the PD? be approximately the same in the simulator as it is in
the statural "005%-risk rainfall". The spatial density of the
drops produced by the simulator is inconsequential, but the
velocity at which they strike the PDF is important. An estimate
of the number of expected collisions between raindrops of a
particular size and the PDF in the "0.5%-risk rainfall" can be
obtained from figure 2.2-2, if the impact-sensitive diameter is
known. (The exact number can be obtained by evaluating equations
(2) and (3)). For a fuse with an impact sensftive diameter of 16
mm, about 460 impacts with drops of all sizes are expected with
drops of between 1.5 mm and 3.0 mm in diameter. Drops within
these diameters provide approximately 54% of the energy to the
PDP, and should close'.y be duplicated by the simulator.

ISDs of the second response type, point-loaded artillery
fuzes, and impact switches of HEAT rounds, are dependent on
impict-impulse magnitude and frequency. For ISDs of this
response mode, the test method need only reproduce the spatial
density and size of natural "0.5%-risk rainfall", and not the
total number of impacts.

The exploding-foil technique described by Tuler (reference
11) can be used to produce droplets 0.1 to 1.C mm in diameter,
too small to be very effective as kinetic energy producer.
Unless the technique can be modified t) produce more
representative drop diameters, it would be a poor choice as a
test method. Should an improved droplet size be producible, then
the technique could be usrad to determine bow many drops of a
gi ver. diametal are required to detonate an ISDo This
determination should be correlative to the "0.5%-risk rainfall"
and a flight-path length.
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___ This liquid-LaVO~nt simulator Oduoaib*4 by Behar (t~forahoe

12) produces water of an 40oeptable0 Otamoters 0.3'mm to 1.5 no,

column rather thank drops L hich 1.introduoiss diffioultiec whon
K predicting the kinetic energy '.mpart44 to the IUD from theme

water column*. Again, if theme diffioultieo. ware ovoraooma, a
test could be devired to 4etermine how many water drops (o~lumns)
of a certain diameter would bm requir*d to detonate an ISO. The
deteemination may prove to be *ore di~fltoult to correlate 'to the
00.5%-rink rainfall" and a certain path length than the
exploding-toil t~ohnique, because of the irregularity' of the
columns.

Rotating-arm machines provide a way of realistically simulating
16D impacts with rain over a wide range of velocities. Provided
the ancillary water sprays produce a realistic water
distribution, tha rotati ng-arm machines offer several
advantages. Being indoors, the system is not subject to weather
restrictions as would be the case for a ballistic trach. Long
flight times are possible as oompared to those possible on a
ballistic track. Rapid multiple impactfs are possible as compared
to the liquid-impact simulator and exploding-foil techniquss.
Impact velocities can be more easily varied and controlled when
compared to any other proposed technique. The number of water
sprays needed to produce a simulated rainfield would be much lass
than that required for a ballistic track. Despite these

* 4advantages this technique is not without its difficulties. A
~ rotating-arm apparatus would subject an ISO being tested to

centripetal force's that do not exist during an actual flight.
This may significantly alter the test results when compared to a
technique such as the ballistic track that produces a more
realistic flight environment. A rotating-arm Atpparatus would
have to have a relatively long arm &nd high angular velocity to
produce acceptable impact velocities. Such an apparatus would be
expensive to build and operate, and be susceptible to damage from
the water mpray and initiation of IS~s.

A powder gun (reference 13) is capable of propelling an ISO
at very high velocities through a simulated-rain environment.
Indoor facilities offer a major advantage t.n that teisting would
be weather insensitive.~ However, an indoor facility also limits
the length of the rain field that is possible. For an indoor
facility to be practical would require that all types of ISO* be
capabi.e of being fired from the gun. To accommodate the variety
of IBD9 that will be tested would require some method of
launching many different caliber ISDs from one cAliber gun. To
achieve this versatility and good ballistics throughout a 120-
meter long rainfield would require a devel.opment program judged
to boa of hiý!hor risk than an alternative development associated
with the improvemient of the Edgewood track. The major advantages
compared to the Zdgewood track would be the capability of higher
impact veloAty and weather insensitivity, these would be more
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than oqwweneatd for by the inadequate rainfteJld eRnjth and the

expected high development coste.

The Kolloa~n AVI rooket-lo34 facility produces a roaslstio
rain environment for testing x8sa, end is widely used by
4*eýlopszg to tost their 28D deosigna (reference 14). The
Xgeswood track has been used to test 18D0 for sensitivity to
vegetation, but it does not have rain-simulation capabilities.

Using a single sheet of material as a target may be a valid
rain-imaulation technique if the kinetic energy imparted to the
ZSD were equal to the kinetic enerVy imparted to the ISD by the
raindrops in the "O.5%-risk rainfQllo. Unfortunately, the
kinetic energy imported to an IUD by the raindrops is not
known. Several models of the impacting raindrop dynamics have
been advanoedi none hve beer proven conclusively. Correlation
of energy required to statically deform orush-type PD? with
raindrop energy available from high-velocity sled test at
Hlolloman Ara indicate a plastic-type collision (reference 7). So
the kinetic energy imparted to an ISD by raindrops cannot be
predicted simply by knowing the mass of the drops end their
impacting velocities, and the kinetic energy imparted by a sheet
of material cannot be directly related to a specific rainfall
condition. Similar reasonirig discounts the validity of using
multiple sheets of material.

To support the teoting of XSDs of both responses modes would
require that the artiticial-rain facilities be adaptable to
providing realist.c simulation of rair, impact-impulse frequency
and magnitude for ISDs of the recoverable response mode; and
realistic simulation of rain impact-impulse magnitude and total
energy for ISDa of the non-recoverable response mode. The former
requires a rainfield oZ moderate length and rain intensity
matching that of natural "0.5%-risk rainfall"; and the latter
requires a relatively longer rain field capable of producing a
rain of unnaturally high intensity. For example, a 400-meter
simulated rainfield of 8.0 mn/Min is roughly equivalent to 4000
meters of 0.8 mm/min Latural 0O.5%-risk rainfall". A detailed
study of available rain-simulation techniques must be undertaken
to determine what resources are available. Spray-nozzle
manufacturers should be consulted for their expertise on how best
their products may be used to achieve the desired rain pattern.

The length of the Holloman track makes it possible for ISDs
to bi recovered; a tremendous advantage should unexpected test
results warrant inspection of the test item after a test. The
Edgewood track is too short to permit sled deceleration, so a
soft-catch capabIlity would have to be devised. The Holloman
track has 1800 meters of simulated rain, whereas the Edgewood
track (reference 15) permits a rain field no longer than the
track length, 752 meters (2448 ft). Because it is desirable to
expose the ISDs to rain only within certain limits of a chosen
test velocity, the rain field would likely be about 120 to 200 m
(400 to 650 ft) based on typical expected velocity - distance
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profi3•.e fo.r the Xdgevood track as plotted in figure 2.4-1.
"These plots are taken from a computer simulation of six rocket
configaurationo that are used at the Udgewood track. This
di•malatitn has, been used with success to predict the payload
velocity along the track when preparing f2r a test, The plot*
indicate a wide range of predicted velocities to a maximum of
1120 a/* (3670 fps), just below the 1175 o/s (36S0 fps) mustlevelocity of the N456A2 105-ma 33AT-T cartridge. Such a velocity

shortfall while all but insignificant na7 be overcome by the
aldition of rocket* or using stagling techniques. Otherammunition. with which ISDa may be used have nuaslo velocities

well within the capabilities of the track and its proven rocket
configurations. The longer Holloman track is better suited for
testing nonrecovarable-response-sode 180s for whtich the total
number of impacts is the parimeter of utmost importance. For
recoverable -response -mode ISDos, the Zdgewood facility with rain
simulators would he well suited because the impact frequency and
not the track length is of prime importance.

The advantage of propelling the ZSDs using existing Army
ammunition and weapons through a simulated rainfield can be
attributed to the likelihood of lower operating costs when
compared to a ballistic track, and more realistic velocities.
Disadvantages may include the need to change weapons for
different ISDs, and the possibility of damaging the rain-
simulation facilities. The length of the rain field would only
be limited by the trajectory of the projectile or HEAT round.

Since the Holloman track is presently operational, there
would be no development costs incurred by TBCOM should it use the
track for ISD testing. That advantage would be offset to an
extent because the facility is controlled by the Air Foroe.
TECOM sponsored tests would be subject to the availability of the
track, over which TECCM would have little or influence. Using
the Edgewood track would provide TECOM with test scheduling
flexibtILty, and the track could be used for tests other than for
ISD teqting which would produce additional revenue to TECOM for
defraying the development and operational expenses associated
with the track.

While the Holloman track has excellent support
instrumentation to measure and record sled velocity, detonation
events, and rain-field characteristics, the Edgewood track must
be outfitted with such equipment. A subsequent investigation
would determine specific requirements for instrumentation to
support the ISD testing mission at Edgewood. Once constructed,
the Edgewood track would provide for a lower cost per test than
would be possible using the Holloman track. A detailed economic
analysis is needed to confirm this hypothesis. Based on the
economic analysis and an overall assessement of other less
tangible factors, a decision of which alternative to chose could
be made.
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The two response modes of tmapat-s.enattve devicer to impacts
require that &ay proposed waLn-simulation sthod be eapable of
closely reproducing the velocity between the test Item and Vwter
drops. The recoverable mode MeD. also require that the impact
frequency be alosely duplicated# *hile the nonrecoverable-*ode
Z18s requice that total impact energy be closely simulated.

Of the methods evaluated for simulating rain# several were
found to be unacceptable from a technical standpoint. The
exploding-foil technique and the liquid-impact simulator are both

incapable of producing an acceptable impact frequency. Rotating-
arm devices would subject the test items to unnatural and
unacceptable centripetal forces, and would be highly susceptible
to mechanical failure. The use of a powder gun is unacceptable
because it is not possible to propel the toet item through a
simulated rain field of sufficient length for adequately testing
I8Ds of the nonrecoverable response mode. Firing ISDs on actual

projectiles or on tBRAT rounds from a gun through plywood or metal
sheets subjects the ISD and entire round to forces exerted over
an extensive area of the ZSD and round. This is not
representative of an actual impact of an ISD with a raindrop.

Additionally, the impact frequency and the number of impacts
produced by this method cannot satisfactorily simulate the impact
frequency or number of impacts produced by natural 0.5%-risk
rainfall".

The Holloman AFB test track is currently used by some

developers to test the sensitivity of ISDs to rain. The Holloman

facility adequately simulates all important rain parameters, and
its track is sufficiently long to easily recover a test item
after a test. Its instrumentation is modern and complete.
Technically, it is quite adequate for rain simulation purposes.
Other considerations make the Holloman facility less desirable.
The facility is not controlled by T3CON, operational costs are
high, the facility located in New Mexico is not centrally located
for munition and fuse developers, Harry Diamond Laboratories and
ARRADCON, and it is not always available when needed. Use of the
facilities depends on favorable wind conditions.

The Rdgewood supersonic ballistic research track has the

potential of providing adequate rain-simulation facilities
following the construction of a suitable water-spray system along
the track, and support instrumentation. While 'the length of the

Rdgevood track makes it less suitable for testing fuses of the
nonrecoverable response mode than the Holloman facility,
nonetheless, it should be adequate for that purpose. Being a
TECON-controlled facility provides the scheduling priority and

flexibility required for efficient testing. Once the artificial-
rain facilities are in place, the short track length and
convenient location should offer lower costs per test at the
Idgewood track than are possible using the Holloman facility.
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Firing 13Dn on actual projectiles or on KNAT rounds from a

weapon through a simulated ratnfteld present$ a third alternative
for providing adequate rain simulation. Sueh testing could be
ooeduoted at Aberdeen Proving Ground.

This study has investigated several propoeed methods for
testing the impact sensitivity of X0S0 to rain. Nore detailed
analyses cof the technical, economic and intangible factors mast
be performed before any alternative is accepted or reejected.
these analyses must investigate several areas and be able to
provide answers to several general questionsa

a. What is the minimum combination of rain course length and

rain intensity that is acceptable for a valid rain sensitivity
tes t?

b. What water-spraying equipment will provide the required
drop site and intensity?

c. What instrumentation is required to measure the pertinent
test events?

d. What is the anticipated test load for these types or
tests over the next several years?

e. How much does it cost to test IS~s at the Holloman APB
test track, and would Holloman be able to support the anticipated
test load? (

f. What are the comments of Harry Diamond Laboratories and
ARRADCON concerning the chosen test methods?

9. Would Harry Diamond Laboratories and ARRADCON use the

Edgewood track more extensively for design test than at present
if the facility undergoes the necessary improvements?

h. Now many persons are required to operate and maintain the
Xdgewood track, assuming it is used extensively? Will these
people be available? How does this compare to using weapons in
place of the track?
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SECTION 4. RECOMMENDATIONS AND CONCLUSIONS

4.1 CONCLUSIONS

It Is concluded that:

a. TVe supersonic ballistic research track at the Edqewood
Area of APG has the potential for accomplishlnq the TECOM mission
of tpsttno the impact sensitivity of impact-sensitive devices as
defied in section 2.1.2 assuminq the followtnq improvements areaccomplished:

(1) A rain-simulation facilitty is Installed similar to the
one used at Holloman AFB test track.

(2) Instrumentation is provided to measure and record the
impact velocity, the rain intensity, and other test events.

(3) Personnel are trained to operate and maintain the test
facility.

b. The Holloman test track is currently operational, and has
proven to be technically capable of simulatina the impact hetween
impact-sensitive devices and rain.

c. Firinq ISns on projectiles or on HFAT rounds from
appropriate weapons may he a viable alternative to usinq a
ballistic track to propel ISns.

d. A detailed economic analvsis of the alternatives, and of
the status quo, with duo consideratinn for noneconomic and
technical factors is necessarv to choose the best alternative.

4.2 RECOMMENDATIONS

It is recommended that the second phase of this proaram be
initiated with the followina nbioctives:

a. A detailed investiqation of methods to produce a
simulated rain environment.

b. Preparation of technical descriotions and specifications
for instrumentation, ancillarv equioment and support personnel
necessary to support each of the candidate alternatives.

c. An economic analysis of the relative costs of usina the
Edqewood track versus usina a weapon be done to determine the
acutal expenditures required to make each fully noeratinnal and
capable of fulfillinq the TECOM mission.

d. Selection of the optimum alternative facility for use hv
APG to test impact-sensitive devices, and preparation of
comprehensive olans for implementation.
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A - Constant coefficient 0
Af - Frontal area of iapact-seusitive region of

impact-sensitive device

B a Constant coefficient

d - Initial impact-sensitive element displacement

dt - Distance the impact-sensitive element has been
displaced at time t*

FE - Energy absorbed by the impact-sensitive element
when subjected to rain

F a Impact force imparted to impact-sensitive device

0 Expected number of impacts between an ISD and
o°'i raindrops of the ith size interval in flight

I a Impulse experienced by impact-sensitive device
during impact

k - Spring constant of impact-sensitive element

KE . - Kinetic energy of one drop of the ith size
interval when striking the impact-sensitive element

L - Plight path length of impact-sensitive device
through rain

me - Lumped mass of impact-sensitive element

- Distance that an ISD is expected to travel between

o°,i colliions with drops of the ith size interval (mean

free path)

n - Number of drop size intervals

Ni a Number of raindrops of radius "r " in a unit volume

Pa = Atmospheric pressure

p a Probability of a collision between an impact-
c sensitive device and a raindrop

p - Probability that Q drops of the ith size interval
will strike an ISD over a flight path of L meters

Po M Stagnation pressure of windstorms

1078 0

-4



Q- Number of drops of the ith six* interval that strike
an impact-sensitive device over a flight path

rd - Radius of raindrop

ri -Radius of raindrops of the ith sixe interval

ro - Radius of the impact-sensitive area of an Impact-

sensitive device

S - Total displacement of firing pin

S - Distance that an impact-sensitive device has
travelled through rain

t - Time

t* - Time when impact-sensitive element bottoms

St = Critical time while impact-sensitive element is
SC moving because of an impact

Vb - Bottoming velocity of an impact-sensitive element

VC - Threshold initiation velocity of an impact-sensitive
element

Vo M Velocity of impact

Vr -Residual velocity of impact-sensitive element

x - Variable displacement of impact-sensitive element

w - (klm e

p - Density of raindrops
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ABSTRACT

I To ensure a greater level of reliability and "af~ty in the +e- ofI electro-expiosive devices (EED#), It Is necesenry to iassure the continuity
of the Devices Dridgewire. However, the -lectrival equipm.ent used to
measure these parameters to sometimes capable of causing premature
detonation of the EED-or sensitize the Igniter resulting in 3 dud. This
report describe* minimum design criteri proposed for electrical equipment
that can be used safely to test the electro-explosive devices.
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INTITODUCTION

The Navy uurrantly uses several different devices to test the bride*-
wire continuity or bridgevire resistance of its Inventory of eleotro-
explosive devices (EsDs). Most of these davicas have ben arpproved for use
by the Naval Sea Syctems Command (NVSU O4M) basoed on a safety evaluation
of the instrwant by the Navel furfaco *7apon Center. For the most part,
approval for use on speoifia CEDs has been handled -ov a oase-by-cass basis.

Thi* paper describes what the Naval Surface Weapons Center considers to
be the minim= safety criteria that can be u~ed in the design and
evaluation of bridgewire continuity testers. It is intended to promote
uniformity of practice for those skilled in electrical safety evaluations.

In addition, the Naval Sea Systems Command has indiosted an interest in
the development of a military standard on this subject. This paper offers
considerations for sam of the requirements of this military specification.
The standard would enable equipment manufacturers to consider electrical
safety in the design phase rather than redesign their equipment after it is
on the market. This would result in a saving of time and mcney for the
military. When the evaluation and reporting techniques are standardized,
the safety evaluation of the instrument could become the responsibility of
the manufacturer and could easily be checked by the purchasing activity,

RELIABILITY TESTING OF EEDs

The bridgettirf of an EED serves as an eloctrý-therpAl transducer.
convert'ng electrical energy into kinetic energy in the form of heat. AC; primary explosive such as lead azide or PETN deposited on the bridgewire is
initiated when this thermal energy reaches the i•itiating energy required
by the explosive.

Proper operation of the bridgewire i3 the most critical factor in the
reliable functioning of the EED. Therefore, evaluation of the bridgewire
region is the most productive method used to predict the performance of an
EED. However, the test procedure used to evaluate the bridgewire region
must not heat the bridgewire to the ignition temperature of the primary
explosive, or detonation may occur. The simplest and most common metho1
used to evaluate operation reliability of the bridgewire is to measure its
DC resistance.

GENERAL EVALUATION REQUIREMENTS

NAVSEA OP-5 specifies that electrical equipment used to test the
reliability o^ an electro-explosive device must be approved by the Naval
Sea Systems Cou•and prior to its use. This equipment must also comply with
the minimum requirements of the National Electrical Code, Article 500 if
testing is conducted in a hazardous location.
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Prior to approval j the equipment must be examined fo p•osible
hasordous cor,•Itons duo to:

1. Equipment Design;

2. Enviroement in Wlhioh Equipment in Being Used;

3. Maintenancoe and Tesa Plans;

4. Standard Operating Procedure (SOP) for Explosives Testing; and

5. Potential Electrostatin Hazards Created.

In addition, normal wesa or the equipment must be considered and ensure,
that normal deterioration does not cause a Lazardous condition. Periodic
testing of the equipment is recommended to ensure safe operation.

Approval of the usc of test equipment for this purpose should be based
on the no-fire current of the EEDs bein% tested. Individual approval
should be granted for each exojosive device being tested. However, to
speed the approval procass, ISWC recommends that the equipment be evaluated
to determine the maxism, current available from the test instrument even
under multiple fault conditions. The value derived from this analysis
should not exceed one tenth of the no-fire current of the explosive.

The equipment should be tested prior to its 03e to ensure that obvious
faults in the functioning of tne devio will be detected prior to its use.
This testing should ensue prlmaril, that the test current produced at the .....
terminals of the equi.pment (for each range) is below the limit specified
for the tests. The device used to test these output currents should be
calibrated periodically. In addition, the SOP for the explosive tests
should be 3pecified and critically evaluated to en.rure that these
operations are conducted safely.

A rigid maintenance cyale bhoul4 be specified and adhered to. This
maintenance ahould be performed only by porsonnel familiar with the device
and who are aware of the safety features Itnoluded in the dev.ce. Although
a device may be safe to use in the application as originally designed,
improper maintenance can degrade or defeat the safety features inherent in
the design. Evaluation of the equipment rhould include documentation of
the safety features provided by the equipment: and the assumptions that were
made during the analysis.

EQUIPMENT DESIGN

The design of the equipment is the major factor that will determine
whether it can be safely used to test explosive subsystems. There
is currently no standard method available for use in evaluating the design
of equipment proposed to test bridgewire resistan0es. However, the
evaluation method apecified by NFPA 493, Chapter 2-1 can be used as a
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III
guideline in asking this evaluation. Additionally, the Naval Surface
Weapons Center reofmends that all faults that ray ocur which cannot be
identified in the daily Initial checkout of the equipment should be
assumed.

When examiniag the design safety of the equipment, it should be assumed
that all switahes and other Inputs are at their most unfavorable settings.
Also It should be assumed that all components are at their most unfavorable
tolerance values. An accurate achematio diagram of the equipment with its
parts list maust be on hand for this phase of the examination. An actual
sample of the equipment to validate the schematic diagram ts also useful.

Any deviation between what is on the schematic versus what Is found In
the equipment should be documented. Any deviation nf this type can be a
basis for denial of approval for use. Changes made in the equipment design
or packaging configuration should void previous approval until tnese
changes have been evaluated. It is imperative that the manufacturer of
equipment used to test explosive devices maintain strict quality control
standards. For this reason, only instruments designed specifioally for
testing explosive devices should be used. The design of general
multimeters oould be changed periodically to meet a ohmnging market without
the manufacturer having to notify any users of his equipment. This is less
likely to occur with explosive test equipment.

The next step in evaluating the design of the proposed equipment is a
complete analysis of the circuitry including everything baok to the power
source. Once the normal conditions have been evaluated and documented, it
is necessary to determine worst-cese faults. The Reliability Analysis
Center in Rome, New York documents failure modes and failure rates of
electrical/electronic components and can be of assistance in selecting
these faults. The selection of faults and justification for the selection
"should also be documented. The worst-case circuit analysis is then
performed. As mentioned previously, testing of the unit Immediately before
its use can eliminate the possibility of obvious faults in the unit.

The final step in the analysis of the design of the instrument is to
check for inductances or capacitances in the output circuitry and testleads that may permit storage of dangerous electrical energy. This energy,

if it is of adequate magnitude can be released in the form or arcing which
will be hazardous in the case whcre explosives may be exposed.

EQUIPMENT CONSTRUCTION

Construction of the oquipment can also be a factor in determining its
.1 safe operation. All connectors used on the device should be keyed to

ensure that they can be inserted only in the proper configuration.
Assynetrical connectors are preferred. In addition, these connectors
should be labled according to their function. If more than one connector
is used pr device, each connector should be of a different configuration
to ensure that they are not installed incorrectly.
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1%posed leads or pies,'or* tubJpt to shrt circuits md shoud be
avoided. It a oanwottoý, ta noVt used duritig equiptent opers'ýIon, It should
be provided with a cap for protection.

Proper layout of the internal 'components of the equipment is essential.
NFPA 493 'prjowita adequabe guidelines for detsils of internal construction.
The objective is to ensure 'thst sfety of bhe device is not ocmprosmiaed by.
short'oircuits, etO., rasultint from wires or other forein objeots that
may hove be*- left Incidt the device during maintenance operations, This
hazard oar Ln minimizes by proper encapsulation of oirauit boards and
compartmenalization of such things as battery peaks, or power supplies.

AlI fail-safe circuitry shoull be potted or sealed to prevent the
possiblity oa being compromised by short ciroui; or unauthorized tampering.
These safety festures should be clearly marked inside the enclosure.

Battery operated instrumen.s should have a built-in current limiting
device to ensure that the battery does not go into thermal runaway due to a
short circuit (which could cause an txplosion). This aurrent limiting
device in most effective when it Is bui•'t into the battery pactc. When
changing batteries in these instruments, the same type battery .must be 'used
as a replacement. If the current limiting device is built into the battery
pack, it must be replaced by an equivalent pack.

The materials used in the construction of the explosive test equipment
are also Important. If the dtvice is portable, there is a posesblity that
transport of the unit can cause generation of static electricity if the
case is made of a poor conductor. Before approval, the unit should be
tested to determine if it is capable of storing dangerous levels Of
electrobtatic energy. The use of sealed keyboards, low power CMOS
circuitry, and liquid crystal displays can enhance the safety of the
device.

CONCLUSIONS AND RECOMNENDATIONS

The use of modern electronic equipment to test the operational
reliability of electro-oxplosive devices is recoimendmd. However, this
equipment must be approved prior to its use. The Naval Surface Weapons
Center recommends that a standard method be devised by which this equipment
can be evaluated, The documentation required by this standard would permit
the approving agency to make a more valid evaluation of the risks
associated with the use of these instruments for any given application.
Also, it should decrease the amount of time necessary for approval. The
overall advantage would be a saving of time and money in the approval
process of electrical equipment used to test the bridgewire rosistance of
electro-explosive devices.
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One of te, JWSMauYS systam saety P"pMa objeatives staged to
NIL-Oft4uA Is 6sf 1.1me a systest" eppreach tw, town that biaterleal safetw data
Is comqtderd and used In the desip of am @"tows IbTis is an Important
objectives, beoasem It can psAnvds design mg-tmeets with specific. safety des0gn
criteria for a, ama system. IDO of tern the W0740 *WII Present me uacceptable
hesard' appear to a requiremat., documat. 2Wi phrase is~toem `=nd of little
help to the design engineer to detweraini as appropriate des01 fo a system. This
study of riot'cotrOl grenades shin hew historteal saf#ty data from PTevIOUS
ciot-control grenades can be used to develop specific, safesty deSIgn criteria for
riot-control gresedee in development.

2. EVALUATION

*2.1 The HMisson of Riot-Control Nunitilons.

Oper the years, the Army has developed a wvarlety of riot-control munitions
to perform the riot-control msosion. Unlike most ..uiti~one, riot-control munitions
have a dual mission. They mist be capable of 4teing used In both a tactical,
military situation and in a civil-disturbance situation. The first Rission requires
a munition that ameets the safety requirements of any Army system; i.e., the munition
must be safe during manufacture, transportation, storage, use, and disposal.

The second miqpion requires a munition whic:h is not only safe to the user,
but a munition that is safe to the target (often civilian) personnel as well. The
munition must incapacitate the target personnel without presenting any unacceptable
or residual hazards to t~he target personnel or the eivironme it.

I j2.2 Description of Recent Riot-Control Grenades.

A prerequisite for the use of historical safety data in developing safety
design criteria for a system is that a sufficient data base must already exist. In
the case of riot-control grenades, the Army has developed and used three difterent
riot-control grenades in recent years.* The experience gained through use of these
three grenades provides the data base for this study.

The first grenade used in recent years was the K7A3 "beer can" grenade
(figure 1). The M7 was eventually replaced by the W25A2 "explosive disseminating"
grenade (figure 2). The final grenade, developed to replace both the N25A2 and the
M7A3, wasn the 1447 "softball" grenade (figure 3). All these grenades consisted of

AN ~ three major components: the If ill material (incapscitating compound) the
fuse/diessemination mechanism, and the body.

Breaking the grenade into these three components Is the first step to
developing specific, safety design criteria. The next step is to evaluate the

* historical safety data, as It pertains to each of these components. Based on this
data, safety design criteria for that component of a developmental riot-control
grenade can be determined.
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lIPa~u. 1. W7 Sarte. Riot Coutrol Grenade
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2.3 of te ncas cltatLua 2mogn
"10 first 4omponeAt to be evaluated is the Inca citatil% compound. The

Inherent hasarde as"oelsted with the Uee of 0a0y 6010i#4l CONound, (i.e.,
flam bility, toxelity, reactivitr, 4W enviro am1-,1 1 et) insat be considered
when employint tb* tinepcitating compound in a ey u Si 1959, the
incapfitatit eepund used In riot-control gre"sia has been p~vdered
o-chlorobeutsa*Ioaai•txile (CS). CS has proven t• a teliable riot-control
incpacitatl 4 compound which incapacitate$ target perionsel #Lthout producing any
residual heMRh hasartd., Its use, hewever, does rtiaut Itn an environmental hazard
because of its persistency and problems in dicotaminetion. Safety design
requirements of a developmental riot-control grenade should address this particular
hazard. An appropriate requirement would be that:

(a) The incapacitating compound that to used must not present any
greater health hazards than CS.

(b) The incapacitating compound must not present a persistent
environmental hazard.

These requirements are, in fact, presently being addressed at Chemical Systems
Laboratory (CSL).

2.4 Evaluation of the Pure/Dissemination Mechanism.

The second component to be evaluated is the fuze/dissemination
mechanism. The most significant changes in riot-control grenades have been to this

component. The 47 grenade used a pyrotechnic fuze with a pyrotechnics-coated CS
fill. T1he fuze ignited the pyrotechnic coating on the CS which, as it burned,
volatilized the CS. The CS was then eaitte6 as a smoke through emission ports
(holes) in the Lop of the grenade. This design resulted in a severe fire.hazard,
caused by the high heat generated at the emission ports. If the grenade was used in
locations containing combustible materials, such as houses, stores, apartment
buildings, and fields, the resulting fires could produce extensive property damage.

To eliminate this hazard and another hazard discussed in paragraph 2.2.3,
the M25A2 grenade was designed, which explosively disseminated the CS. To control
the fragment hazard to target personnel associated with fragmenting grenades, the
grenade was designed with plastic. parts. As an added safety precaution, the users
were instructed to throw the grenade upwind of the intended target in civilianS~dis turbances.

This new design eliminated the fire hazard of the previous grenade, but
introduced tw new hazards. First, the 1425A2 grenade had a different fuze which did
not incorporate the standard, fuze safety lever (figure 4). The new fuze required
the user to maintain pressure on the arming sleeve at the top of the grenade until
the grenade was thrown (figure 2). This fuze design resulted in injuries to the
user, because the user would not maintain the required pressure after removing the
safety pin. The grenade would then begin to function in the thrower's hand and
explode in, or inches from, the thrower's hand and arm.

The second hazard identified during use, of the M25A2 grenade was the
accidental functioning of the grenade with the safety pin intact. If the krenade
was dropped onto a hard surface, the plastic fuze housing would break and the
grenade would subsequently function. Reccuse of these hazards, the 1425A2 grenade
was type reklassified "obsolete" and work was begun on a new riot-control grenade,
the M447.
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Figure 4. Grenadas with Standard Fun* Safety Lover
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The MA7 riot-control 'grenad employed pyrotechnic dieseminattwi of CS. To

overcome the fire hazard inherent in the M7A3 grenade, this grretade had a soheVItcaI
body which allowed the grenade to skitter as it disseminated the CS. The J! "
design returned to use of "the standard grenad. safety lever, and a second safety
device was incorporated. When the grenade functioned properly, it did hot present
any hazards to either the user or target personnel. During initial production
testing, a fragment hazard to target personnel "as Identified in the event of a
"hansf tre". The arming pin, which is normally ejected with the handle *hen the
grenade is released from the thrower's hand, did not eject, in some cases, until the
grenade hit the ground. Were this to occur in the vicfnity of the target personnel,
the arming pin would present a significant eye hazard to the target personnel.
Identification and evaluation of this hazard led to a redesign of the
fuze/dissemination mechanism for the M47 grenade. This effort is currently in
progress.

Based upon this evaluation of the historical safety data pertaining to the
fuze/dissemination mechanism, the safety design criteria for this component of a
developmental riot-control grenade can be established. The developmental grenades
should meet the following requirements:

(a) The grenade must not present a fire hazard when used in its
intended operating environments.

(b) The grenade must not produce hazardous fragments during normal
functioning.

(c) The fuze design must be similar in appearance and operation to
standard hand grenades.

(d) The grenade must be fail-safe to both the user and target personnel
should a hangfire or dud occur.

2.5 Evaluation of the Grenade Body.

The third component to be evaluated is the grenade body. The ,17A3 grenade
used a metal "beer can" type body. This body was both an impact hazard to target
personnel and to user personnel if the grenade was thrown back by the target
personnel. The M25A2 grenade eliminated this hazard by explosively disseminating
the CS, and thus eliminating any components that could be thrown back. When it was
decided to design a third riot-control grenade, deploying CS in the same way as the
M7A3 grenade, this hazard had to be eliminated in another way. The M47 grenade used
a soft-rubber body, which effectively eliminated any impact hazard to either the
target personnel or the user. Any developmental riot-control grenade should include
the following requirement to ensure that the level of safety achieved in M47 body
design is not degraded in a subsequent design. The grenade must not present an
impact hazard to either target personnel or user personnel.

3. SUMMARY

By systematically evaluating the historical safety data generated from use
of previous riot-control grenades, specific, s. fety design criteria for a new
grenade has been established. Thie resultant design criteria obtained from this
evaluation ire sunmmarized helo'w.
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( f) The incapceL•tatiq ao mpsmd mst not, pgwseat. any greater health
hazards than CS.

(b) The tncapeci tatia compound sast -not present a pers*stes
ntvirouwketal hanxd.

(c) The greede sust not present a fire hazard when used in its
intended operating environments,

(d) The grenade must not produce hazardous fragments during normal
functioning.

(a) The fuze design must be similar in ap;earance and operation to
standard hand grenades.

(f) In the event of a hangfire or dud, the grenade must be fail safb to
both the user and target personnel.

kg) The grenade body must not present an impact hazard to either tarb.t

or user personnel.

4. CONCLUSIONS

4.1 A sufficient data base exists to perform a safety analysis of previously
fielded riot-control grenades.

4.2 A systematic approach, based on historical safety data, can be used to
develop specific safety design criteria for developmental riot-control grenades.

5. RECOMMENDATIONS

5.1 The requirements established in this report should be included in the (
design requirements of developmental riot-control grenades.

5.2 A detailed hazard analysis should be performed to provide even more
specific and complete safety design requirements for developmerntal riot-control
grenades.
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Slide 1

(USARADBI LOGO) U
Hello fellow delegates. As you were told by our Moderator, I am Harold Crowe,

the Safety Officer for the US Army Air Defense Board. The Air Defense Board is

a part of the US Army Air Defense Center, located at Fort Bliss, Texas, on the

outskirts of El Paso, a city of 440,000 people. Fort Bliss itself is approxi-

mately 128 kilometers long and 90 kilometers wide.

(Show Slide 2)

Shown on this slide is Fort Bliss and its neighbo-s. ote that Fort Bliss is

bordered on the No~rthwest by White Sands Missile Range, nd when both are

utilized,, we can fire a Pershing Il Missile its full rag.TeAir Defense

Board is one of eight Army test boards, all operationilly controlled by the

US Army Training and Doctrine Command (TRADOC), headquartered at Fort Mon~roe, VA.

My presentation today concerns explosive safety during Research and Developient

Testing. During the prasentation, I shall discuss the following topics:

, ~~(Show Slide 3) ..

1. The USARADBD Mission. (

2. Surface Danger Zone Construction.

3 Ammunition Construction. ,('

4. Targets,

As we begin, please consider this slide showing the Board's mission.

(Show Slide 4)

As a field Safety Officer, and especially aoi R&D Safety Officer, my responsibility

_Iis to see that test planning provides for and actual testing Is conducted in a

safe manner, without interferring with test objectivesely supervision is provided

by the President of the Board and the TRADOC Safety OfficN My duties require

extracting pertinent data from US Army publications and combining this inforvation
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with data from the safety release, a document provided to me by the US Army

Test and Evaluation Command, in most cases, through Headquarters, TRADOC. TRADOC

Test Boards cannot conduct any testing without a safety release. Command and

technical guidance and coordination occurs as shown on this slide.

(Show Slide 5)

Within this framework, technical safety guidance flows down and test resource

safety data and recommendations flow up. On numerous occasions, the test board

safety .officer will correspond directly with the contractor.

At the Air Defense Board, our main concern is Air Defense Weapons and Missiles,

althcugh we have tested items designed for other branches of the Army. Tasking

is provided by HQ, TPADOC. The Safety Officer's duties on a weapon system begin

as he determines whether a Surface Danger Zone large enough to accommodate the

weapon is available, and if not, takes necessary steps to get one established.

A ground-to-air Surface Danger Zone consists of the following elenents:

1. An Impact Area.

F 2. A Dispersion Area.

3. A Safety Zone.

The dispersion area and the safety zone are fixed requirements by Department of

the Army and depend on weapon caliber. The impact area size depends on these

enforced safety zones. An example is in order at this time.

(Show Slide 6)

As shown here, the contractor indicates that the bursting radius of his 40mm

proximity round is approximately 300 meters. On numerous occasions, we at the

test board find that test proximity rounds detonate immediately after arming.

As an example, let's say that this arming distance is 155 feet for this particular

round. We now need to look at another slide.
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(Show Slide 7) (2)
Here are depicted flight profiles the gunner could see during a particular test

mission. Note that when the target is approaching parallel to the firing line,

the guns are also firing approximately parallel to the firing line. Without

establishing a dispersion area, should the round detonate early, shrapnel could

be thrown into inhabited areas, injuring or killing personnel. The Safety Officer,

therefore, must take this possibility into consideration when designing a surface

danger zone, In peacetime, we must also plan for worst cases, so we place the

point of detonation on the interior edge of the dispersion area at arming distance.

This dispersion area must not touch the Safety Zone. Ariy Regulation 385-63

places an additional safety factor on surface danger zones, depending on weapon

caliber. For 40mn weapons firing at aerial targets, this distance is 300 meters.

We now have a surface danger zone that looks as shown here.

(Show Slide 8)

Note that the surface danger zone shown here is open-ended. We also must deter-

mine the maximum distance the missile/gun fires. The Safety Officer obtains

this data from TECOM by means of the safety release and/or the contractor's

-F safety statement. In some instances the US Army Ballistics Research laboratory

will produce computer runs that predict ranges. Look at this slide.

(Show Slide 9)

It shows us the maximum range and maximum ordinate for our 40m weapon fired at

different angles in relationship to our gun position. Again using worst cuse,

we know that our surface danger zone must be a minimum of 11 kilometers. Again

we place an AR 385-63 imposed safety zone on our range and we finish with a surface

0 V.ýi•er zone as shown here. This is the completed surface danger zone for ground-

Si to-ai r.
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(Show Slide 10)

(7 When test ammunition arrives at Fort Bliss, usually that safety data necessary

for testing only has been generated. In most cases, this ammunition has been

drop tested, completed the shake, rattle and roll test, and been remotely fired

to insure proper functioning of all components. In some instances, it has been

temperature tested also. The results of these tests are in the safety release

and we extract this data to assist the Ammunition Supply Point at Fort Bliss in

properly storing and controlling our test ammunition. The safety release will

also provide us with recommendations for classification, intraline distance and

the necessary D.O.T. labeling.

In some instances, components of ammunition are manufactured at different locations

and brought to Fort Bliss for assembly. Some contractors use a basic round and

obtain differe: . uses by changing fuses or warheads. We at Fort Bliss do not

allow test soldiers to assemble or change test ammunition. We require the con- 1'- 4

tractor to do this and he is required to generate his own procedures and safety

measures. Fort Bliss does provide emergency medical care. We verify these

contractors' proposed procedures and assist with E.O.D. support. Because some

of our test sites are located as far as 50 miles from the nearest ASP, enough

test ammunition is normally stored at the test site to support three days' testing.

For this storage location we provide bermed areas and use trained ammunition

specialists to support same. Technical Manual 9-1300-206 is our guide for these

operations. Preparation and use of "ready" anmnunition is a highly controlled

operation. The Contractor's Draft Equipment Publications are scrutinized to

verify the procedures against appropriate Amy publications. On one occasion,

this Board noted that a recommended way to link a single round was to place the

round in the link-well on a hard surface, and strike the link sharply with the

7 1101
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heel of a boot. Needless to say, we changed that procedure. Once the Test

Board is reasonably assured a procedure is safe or contains minimum risk, it

is practiced and recomIndations made as to the validity of the procedure.

Ammunition and gun-safety are not the only explosive problems encountered by an

R&D Safety Officer, especially in Air Defense. Testing requires we fire at

realistic targets, consisting of both scaled and fullscale drones. For those of

you not familiar with the drones we use in air defense testing, I would like

to acquaint you with three.

(Show Slide 11)

This slide shows a QH-50 helicopter, formerly belonging to the US Navy. Note

the bladespan of 20 feet.

(Show Slide 12)

Here again is the QH-50, shown for comparison with the QUH-1B full-scale HUEY

Drone. Note the laser reflecting tape on the door of the QUH-IB and affixed to

its skids. We are big users of lasers for accurate ranging.

(Show Slide 13)

This drone is the MQt4-34D. It is a scaled, pure jet, capable of 350 knots. We

also use this drone frequently. Our Board Safety Officer must examine a proposed

drone profile and determine where pieces of destroyed drones will fall should the

gunner hit one during his engagement. Computers are used to determine fallout

areas, and we operate with a probability of 10-6 that shrapnel will land in an

inhabited area. This changes when we utilize full-scale drone jets such as the

F-86 Sabre Jet. At Fort Bliss, we take off and land these drones from an 8000-foot

runway we had built from test funds. Also, when using these full-scale drones,

we operate with a 10-4 probability that pieces of drone will fall into inhabited

areas. An example of the fallout zone for an MQM-34D drone is our next slide.
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(Show Slidt•14).

Note that these fallout zones are c.. for•. ,"O 4 elevation. speed,

and maneuver. On this particular #i4aw * 0- traveling

3 kilometers above ground at .7 %Ch. 4pti. 45 .4 dlic Vorent -is no wind.

On our full-scale drones, we mvet have a means to destroy tham -should they go

out of control or flight controls be shot oawy. This safety is prolded by

placing explosives in each wing fuel tank with squibs in them that fire by radio

signal. These firing comands can be transmitted by e@ther of three separate

systems. These are normally the guidance uplink, a separate'radio transmitter

with a 1 Megawatt power output, and/or loss of a carrier wave for a fixed length

of time. The Safety Officer is always located near the flight controller during

the mission and has sole responsibility for the separate radio link for destruction.

Needless to say, we enforce complete radio and radar silence while emplacing

and arming these destruct systems. Ir addition, since White Sands Missile Range

is nearby, and because of their htghpower radios and radars. we must coordinate

our destruct system anm times and dates with them.

Delegates, I hope that today I have acquainted you with some of the duties

encountered by an R&D Safety Officer during the planning and conducting of R&D tests.

Our work is not all problems. When we see a new missile system or gun system go

into production, we know that we have contributed to seeing that the "best get

the finest." What are your questions?

THANK YOU

~II1 1103



* 2!

1 ."

114

Clli



00

0z C.0

dc. 4t
woU

C14

LAJ0

1105



I; ~zC

ZZ

Lu 0

LU UI

0 0-

0,~

V ZJ

11060



IWI-
C -U-I4

z XW >

L- bo

M LU >:-

0 SMU W

z sI-cZ 4 us4

0 o 0 SM

- a- I.. 4Av
Z c 0%

0 '- >Z4 a06. 4>M
SM U 4

we UU 4 %

_ 0U OM0 Z
Z ~ w zS

0 Smo >k>O
z go 0- 1

0 SL SM u %

0VS
0 zO

m. 0. 1.-00

47> 1107



LU ca
00

I-r LU

0 0
LU z

z~~ 0U'f

I I6

-- - Ila- - a -

ag I

LAJ'9

z

1108



zI

00

I~-IS
0-6

EM.. 0
a-

0

X u
z Cob

LAWU

0 0

0L 00

110



0

II.

zz

IL

011
ICi m

I.



z
0

40

L16 _j

440:
1111 -i

U. L¼



-L- 4imtjmU

-,0

00

c.

00
I. -LLm

- 0g

wo

00

00
.00

00
too

*o 0

0 0 0 0 0o0 0
'4 fn C

1112L



GIR

z 
100

0

E3E

LU 0

ac

'ill

~ro



4111



Mpg "Wom"

4;;WMINA

jCM

cLU

Ci



-, Y~~,'r "~.rsw~~rrr~Nowal

Wlu0

111



.aa

LA-J

a-a-

o k
CL0

1117



ANALYTICAL MODE DESIGNED TO PREDI(t THE
POSBILITY OF EXPLOSION PROPAGATION BETWEEN

ADJOINING SINGLE AND GROUPE) PROJECTILES

By
Frederick E. Sock

Norval Dubbs

Amnann & Whitney, Consulting Engineers

Richard M. Rindner

ARRADOOM

C ii.7q



ANALYTICAL MODEL DESIGNED TO PREDICT THE PROBILITY OF EXPLOSION

PROPAGATION BETWEEN ADJOINING SINGLE AND GROUPED PROJECTILES

Introduction

One of the major ooncerns in the design and layout of ammunition

facilities is the distance separating two or more explosive items. Present

hazard classification of mass detonating ordnance during •anufacturing,

transportation and storage of explosive items is based on quantity-distance

criteria which relate the total weight of explosive to safe stand-off

distances for personnel and buildings. These safe stand-off distances are

proportional to the cube root of the explosive weight.

The safe "stand-off" or separation distance between explosive Items,

such as two adjacent projectiles on an assembly line, does not follow the

same scaling law. Pdst and current methods of determining this safe (
separation distance involve experiments with prototype explosive items. A

typical experiment would involve a donor item (i.e., the explosive item

>1 that is detonated) flanked on both sides by an acceptor as shown in Figure

1. The distance between the acceptors and donor is predetermined, arld the

acceptors art' observed to either detonate or not detonate as the donor item

2 is exploded. The separation distance between acceptors and donor is varied

untii a particular distance (mit1simm) is established to be safe. A

sufficient number of tcsts Are performed at this distance and statistical

procedures are applied to the results to determine the confidence level.

Alth.ough this procedure is straightforward and valid, it requires that

a larger number of tests be performed to achieve a statistically reliable
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*conclusion. Today, this form of determining safe separation distanCoes

between explosive items can run in the millions of dollars for every type

of projectile and configuration. Furthermore, these tests do not provide

information on other factors that influence the propagation, such as

sensitivity of explosive material to velocity of striking fragment, size of

the fragmetht, etc.

Consequently, Arthur D. Little, Incorporated, under contract to

ARRADCOM developed an analytical model to predict the safe separation

distance between explosive items (ref. 1). The model was based on 50

peroent probability of propagation, however, this is lower than the desired

90 to 95 percent confidence and probability level as obtained from standard

separation tests. This paper describes qualitatively the work done by

Ammann & Whitney, Consulting Engineers, and ARRADOOM (ref. 2) in modifying

the model to obtain confidence levels consistent with that performed by the

V .standard tests, and also to include other projectile configurations not

covered initially. It should be emphasized that there is still room for

extension of the model as more test data becomes available.

SDvel~opent of the Model

Various investigators (refs. 3, 4 and 5) have compiled data, both

theoretical and empirical, on the characteristic properties of fragments

from detonated projectiles. This model is based on such data, and results

o recent experiments performed at ARRADCODM in New Jersey and at the Naval

' Surface Weapons Center in Virginia which have been used to make required

corrections and/or modifications to the model (refs. 6 and 7).
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The developmnt of the model was centered on the assumption that the

nsitivity of an aeoeptor projectile to detonation is related to the

following:

1. Velocity of striking fragment

2. Presented area of the fragment

3. Obliquity angle at impact

4. Thickness of casing of acceptor projectile and

5. Type and amunt of charge in projectile.

Penetration of the steel Casing and high-order detonation of the

acceptor projectile are both considered failure criteria. The empirical

formula estimating the average initial velocity of fragments from an

exploding container (ref. 8) is used in the model and modifications are

made to Gurney's constant for Composition B and other materials, based on

sensitivity tests performed at ARRADCOD (ref. 9) and other test data.\(

The variation of fragment velocity and mass with polar angle is

formulated and incorporated in the model. Experiments performed at various

facilities and especially at the Naval Surface Weapons Center in Virginia

show that for cylindrical projectiles, the greatest density of fragments is

* contained in a narrow beamspray generally located in the central polar zone

(ref. 7). The fragments with the highest velocities are also found in the

same region which is centered at the 90-degree mark from the nose of the

projectile (fig. 2).

The variation of the velocity of a fragment with its mass and shape is

accounted for in the model using the equation presented in Rindner's work
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(ref. 10). The reliability of the model was further improved by

ocnsidering the velocity of a striking fragment that would cause some

deflagration of the charge, as the critical velocity. One other factor

considered in the model is the relationship of the angle at which a

fragment strikes a projectile to the reaction of the explosive charge

contained in the projectile.

The relationships described qualitatively above supply us with a

method of predioting the probability of detonation propagation between

explosive items for a given separation distance. The iterative method

which involves a series of equations has been programmed for the IBM-1130

computer and the method will be described briefly in the next section.

Procedure for Coon_ tue Probability of Detonation Propagation for a

Given Separation Distance

Step 1

The average outside diameter taken at the intersection of the

projectile and the average casing thickness of the projectile are obtained

from a scaled drawing of the projectile.

Step 2.

Using the equations developed in the modol, the average initial

velocity of fragments emitted from such a projectile is determined. The

value of Gurney's constant used depends on the type of explosive contained

in the projectile.
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On a scaled drawing as shown in Figure 3, with the donor and acceptor

projectiles spaoed a pre-determined distance and their bases on the same

level, dividing rays for polar zones of 10 degrees centered at multiples of

10 degrees are laid off. The zones in which fragments can hit the acceptor

projectile (ignoring the base plate and fuze section) are determined.

It Step4.

Fo- each 10-degree zone, the critical mass of fragment (i.e., the mass

of fragment that will cause detonation) is determined through an iterative

process.

i Step 5.

Again, for each 10-degree zone, the number of elements with masses

exceeding the critical mass determined in Step 4 is cal.culated.

Step 6.

The probability of detonation is now determined based on the results

of Steps 1 through 5.

The procedure was used to predict the probability of detonation

propagation between individual 81m M374A1 projectiles spaced at a distance

of 21.08 inches (0.54 meter). The iterative calculations gave a

probability of 6.4 percent compared to test results (ref. 11) which showed

a probability of 5.1 percent at a 95 percent confidence level.
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Extension of Model to Include Groye Projectiles and Individual

Projectiles with Shielding

The procedures outlined in the preceding se.ctions were used, with

slight modifications, to predict the probability of detonation propagation

for different projectile configurations. The reliability of the model for

such configuration is, however, not as high as that determined for single

projectiles with no shielding. The reason for this was the unavailability

of sufficient experimental data with which the predictions of the model can

be compared.

Grouped Projectiles

In the case of single projectiles, it was assumed that the source of

explosion was rotationally symmetric about the longitudinal axis and,

therefore, the characteristics of the fragments emitted from the exploding

projectile were functions of the polar angle only. This assumption is true

for grouped projectiles if arranged in a square matrix format as shown in

Figure 4. When such a format is not possible, the variations of fragment

mass and velocity with the azimuthal angle have to be incorporated into the

model. Refererce 7 provided the bulk of the information upon which the

modifications to the analytical model were based.

Parameters developed for single projectiles were used for grouped

projectile; however, no favorable correlations were obtained between model

prediction and test results. For an example, a separation distance of 360

inches (109.7 meters) between two groups of 16 (4 x 4) 105mm M1

* projectiles, the model predicted a probability of detonation of 20.6
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percent compared to 10 percent at a 95 percent confidence level provided by

test results (ref. 12).

Individual Projectiles with Shielding

To account for shielding in the model, the notion of residual velocity

was introduced. Data collected and analyzed by the Ballistic Research

Laboratories as part of Project THOR (ref. 3) showed the variation of the

velocity of a fragment after it passes through a shield (i.e., residual

velocity) with the initial velocity of the fragment, the thickness of the

shield, the mass of the fragment and the angle at which the fragment

strikes the shield. The formulations presented in the BRL report were

incorporated in the analytical model.

As in the case of grouped projectiles, the reliability of the model

for shielded projectiles could not be determined due to insufficient test

data. However, when the model was used to predict the probability of

detonation of individual 8-inch M106 HE projectiles spaced at a distance of

12 inches (0.305 meter) with a 3-inch diameter aluminum bar placed between

the donor and acceptor projectiles, as shown in Figure 5, a value of zero

was obtained. Test results showed that out of 50 observations involving

the same projectiles and configuration, no propagation was observed, thus

providing an upper limit of 7.1 percent for a 95 percent confidence level

(ref. 6).

1126



Conclusions and ReomImndations

Conclusions

1. The model described herein provides a method of investigation with

guidelines to asoertain the probability of detonation propagmtion

between adjoining single and grouped explosive items.

2. Use of model prior to conducting exploratory tests oan minimize

the number of tests conducted, while the starting separation

distances will be closer to the non-propagation distanoe.

Rfeocmend itions

1. To compute the separation distanoe for a given probability of

detonation, the iterative procedure described in the model should

be repeated for each trial value of S, the separation diatanoe,

until the required probability of detonation propagation is

achieved.

2. Certain approximations and assumptions made in the model affect

its accuracy, especially for grouped projectiles. The accuracy of

the model would be enhanced by appropriate experiments such as

arena tests for grouped projectiles, sensitivity and fragmentation

tests for be.th simple and grouped pro jectiles.
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QUANTITY-DISTANCE

PREDICTION MODEL

~Y BY
Frank McCleskey
Naval Surface Weapons Center0• Dahlgren, Virginia 22448
Autovon 249-8836

O Commercial 703-663-8836

__ This model provides a method for establishing the fragment hazard produced
by the mass-detonation of stored ammunition stacks. rragmentation characteris-
tics used as input are derived from small-scale arena tests. In the case of

Sprojectiles, the small scale test may consist of one or more pallets positioned
tu yield a representative sample of an entire stack r

Hazardous fragmentation at any distance is curre C ddefined as having a
density equal to, or greater than, 1/600 fragments per s are fvot and each
fragment making up the density having a kinetic energy at act equal to, or
greater than, 58 ft-lbs.

The unique feature of the model lies in the fact that a complete trajectory.
is calculated for each fragment recovered in the small scale arena tests. Using
the Dahlgren main computer, approximately 200 fragments per minute can be
processed.

Past tests have demonstrated that virtually all the fragmentation going
down-range is produced by the ordnance (projectiles, bombs, etc.) on the face
of the stack. Fragmentation from the ordnance in the interior of the stack is,
for the most part, contained within the stack. When a stack is detonated,
fragment jets are produced between adjacent items on the face of the stack.
The width of the jet is dependent on the method of stack initiation. When all
units are detonated simultaneously, the jet is typically 10 degrees wide. If
only one or two donor projectiles are initially detonated, the jet width is
more typically 20 degrees. These jets are referred to as interaction areas.
The greatest densities and highest velocities are produced within the inter-
action areas. For safety reasons, the fragmentation characteristics of the
interaction areas are useO for input to the model. The interaction areas
overlap at relatively short distances down-range and can therefore be added
together to represent the cumulative effect of large stacks.

Figure 1 shows a single pallet of projectiles with a one degree azimuthal
slice through an interaction area. The one degree slice has been selected for
mathematical convenience. The slice could be as large as 10 or 20 degrees
depending on the method of stack initiation. From arena tests, the fragmenta-
tion characteristics can be established for the full 90 degrees of ejection
angle. Individual fragment trajectories can then be calculated to establish
hazardous density versus range in terms of discrete range increments. The
hazardous density equation is shown at the bottom of Figure 1.
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Figure 2 shows the fragmentation input to the program. Each fragment
recovered in the arena tests is assigned its own specific characteristics.
The ejection zone and initial velocity for each fragment is obtained from the
instrumented arena. Fragment weight is measured on a scale and fragment
average presented area is measured on an icosahedron gage. Subsonic drag
coefficient (Mach no. 4.75) has been correlated with the ratio of maximum, to
minimum fragment presented area. The remainder of the drag curve is approxi-
mated from the historically known shape of fragment drag curves.

The program has two options. The first uses average values for the
variables shown in Figure 2. The second is a Monte-Carlo option where the
uncertainty in ejection angle (E), initial velocity (V), and drag coefficient
(CD) are simulated by sampling from appropriate frequency distributions.

The fragment trajectory for each fragment is calculated using a fourth
order Runge-Kutta routine (Figure 3). The trajectories are 3-D with 2-D
wind velocities. Air density and sound speed are functions of alti-tude.
The sound speed is used for calculating the C - Mach no. relationship. The
distance and kinetic energy at impact are recorded for each fragment. The
kinetic energy determines whether the fragment Is hazardous. Summing the
number of hazardous fragments in each distance increment and dividing by
the area of the one degree distance increment yield the hazardous density.
This is compared withthe hazardous density criteria to see if the criteria
has been met.

The program outputs a table as shown in Figure 4. In addition to the
nwober of hazardous fragments and the hazardous fragment density, the table
iricludes the same information for the total (hazardous and non-hazardous)
fragments and the ratio of hazardous to total number of fragments.

From the output data, hazardous density may be plotted as a function of
distance as shown on the left side of Figure 5. In this example the number
of interaction areas (NIA - approximately the number of projectiles) is set
to 50. The density is proportional to the number of interaction areas; that
is, if the NIA were doubled then the density for all distances would also be
doubled. Wind has a significant effect. A tailwind will increase both
distance and impact kinetic energy as shown by the upward and right shift of
the peak on Figure 5. The approximate increase in distance due to wind is
equal to the wind velocity times the time of flight.

The density versus distance data may be translated into hazardous
distance versus number of projectiles as shown on the right side of Figure 5.
Knowing the hazardous density for an MIA of 50, the NIA for a density of
1/600 fragments per square foot can be calculated using proportions. The
dotted lines on the plot at the right represent a current uncertainty for
very short distances. Additional work with small ejection angles and lighter
fragments is necessary to evaluate the contribution from hitting a standing
man at short distances.
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The essential characteristics of the program are as follows:

- Fragmentation characteristics derived from representative small
scale arena tests

- Individual 3-D fragment trajectories

2-D wind (horizonal plane)

- 4th order Runge-Kutta Method

- Average value and Monte-Carlo options

- Air density a function of altitude

- Sound speed (Mach no.) a function of altitude

- Drag coefficient a function of the maxlmum to minimum fragment
presented area ratio

- Handle different hazard criteria

- Output

Hazardous density versus distance

Hazardous distance versus number of projectiles (bombs, warheads,
etc.) on the face of the stack is determined from the density tables.
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N91 TECHNIQUES TO REDUCE EXPLOSION AND FRAMENT

'tq. SEVERITY OF MAS DETOVABLE MtiNITIOfIZ

DAVID COLLIS
NIMT - TERA

SOCORRO, HN0 MEXICO

AeST•RA
and orientation tests were conducted which demonstrate

4 the feasibility of preventing propagation of detonation and reduction

of fragment hazards to inhabited areas as a result of the detonation of

a single pallet of 8-inch projectiles within an ammunition storage

area. Repetitive tests were conducted to minimize explosion size and

reduce to zero the lethal fragment hazard at finite distances from the

storage areas. The shielding materials used were fabricated from

C reedily available lightweight materials at low production cost. These

tests demonstrate the potential for easy access, open storage of H.E.

munitions in the vicinity of inhabited buildingso...

INTRODUCTION

The specific task criteria for this study was to reduce to accept-

able levels blast and numbers of hazardous fragments at 50-meters and

beyond from any sid-o of an open storage bunker. Acceptable levels for

hazardous fragments were defined under currently applicable DoD explo-

sive hazard safety standards as those fragments whose kinetic energy at

impact exceeds 78.6 Joules (58 ft-lb), with a density of such fragments

not exceeding one per 55.7m2 (600 ft 2 ).
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To reduce explosion and fragmnt severity as a result of detonation

in mass detonable munitions, an appropriate shielding nterial was

developed which would specifically reduce the major problem areas

associated with palletized munitions; such as a large reaction threshold

distance, "Jetting" interaction, and increased donor size with larger

scaled tests. Such parameters as packing density, hunker size, availa-

bility of materials, and construction costs were considered.

PRELIMIMARY TESTS

The shielding material chosen for these tests consisted of a .

mixture of one part cement, two parts sand, and four parts.vermiculite.

This mixture yields a relatively lightweight materiaf which can help

minimize fragment lethality.

Several tests were conducted to verify that the shielding material

would satisfy the specific requirements of the task. Also studied in

thes.e tests were a packing configuration and different shielding thick-

nesses.

A test setup for a single shield between any two neighboring

pallets is shown In Figures I and 2. The distance skin-to-skin for the

projectiles was one meter. The shielding thickness was 10.16cm. Buth

donor projectiles were detonated simultaneously. One of the two acceptor

projectiles reacted, while the other sustained multiple fragment impacts.

This vas considered unacceptable. An increased donor size, as would be

the case with a full pallet, could cause a detonation In the acceptor
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S stack, thus yieldlng a potential mas detonation and a severe over-

pressure situation.

A test setup for shielding amtorial placed around each pallet,

i.e,. double shields betwen neighboring pallets, is shown in Figures 3

and 4. The distance skin-tobskin for the projectiles was one meter.

The shielding thtcbmrss was 10.16cm. Both donor projectiles were

detonated simultaneously. Both acceptor projectiles sustained fragment

damage. This wms acceptable for non-reactions in adjoining pallets,

but still posed the problm of a high density of hazardous fragmmnts

being ejected from the donor pallet beyond the 50-meter standoff dis-

tance.

SThe previous test was repeated with a shielding material thickness

of 15.24cm. Figures 5 and 6 give an overview of this test setup and

results. Both acceptor projectiles sustained minor fragment damage at

the rotating band. There was no evidence of any other fragment damage

to the projectiles.

The test setup shown in Figures 7 and 8 is a simulation of the

same packing and shielding configuration. In this test the fragment

hazard beyond an outside bunker wall was evaluated. The wall-to-shield

distance was one meter. The shielding material thickness was 15.24cm.

The cinder blocks used were 39.7cm x 19.4cm x 19.4cm standard block.

The block wall was built with no mortar joints, staggered rows, and no

filler in the voids. The wall was backed with sandbags so as to give a

semi-rigid support. The middle row of bags was filled with a red rock,

with an average size equal to approximately 4cm. This was used to help
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Indicate the qwaotity of debris (potenitial hazardous, fnq~wts) which

might be ejected from the wall,* given a pal let detonations next to the

wall. Outside the sandbag wall was placed fill dirt. The results of

the test showed that this type of wall could, with minor modifications,

reduce fragment haza rds to an acceptable level boyond the 5SOmmter

merk. In a predetermined recovery zones fragmints wore recovered which

comprised of red rocks cinderblock, and projectile ejecta. The acc~um-

lative density of the recovered froagmnts was one fragment per 37.202

(400 sq. ft 2 ). The largest fragment recovered was 250 grass, and the

smallest was 30 grams, with an average of S5 grams.

FINAL TEST4, The final test in this series would utilize a shielding configura-
tion as shown in Figure 9. The shielding thickness was 15.24cm.. The

shielding would be placed completely around the existing pallet, leaving

no exposed projectile side walls to possible fragment impact.

The test setup is Illustrated in Figure 10, writh before photo-

graphs in Figure 11. The wall-to-shield distance for both the donor

and acceptor pallet was one meter. The skin-to-skin distance between

the donor and acceptor pal lets was one meter. Only one donor projectile

(0) was intentielly detonated, causing the other fiv, donors to aess-

detonate. The donor N.E. weight was approximately 90.7 kilograms.

High-speed cameras were located at various -locations to photograph any

debris or projectile ejecta which might go beyond the 50-moter distance.
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5 The simulated outside bunker oll'oas constructed In a similar MOnRNr

as previously mentioned, with WMdditlofel fIll dirt placed on the outside

surface (appfoxtmtly 61ci horizontal distance). Pressure gages were

also placed directly behind tih wall at the 50-utter distlnce.

The test results shJd that the blast and fragment hazard could

be reduced significantly with this type of .onfiguration. After photo-

graphs 4re show In Figures 12 and 13. The acceptor projectiles sus-

tained minimal damage; slight fragment damage on the rotating bands,

and slight sqaashing. Four of the acceptor projectiles were removed

approximately 4.0 maters from their original test locations. The other

two were 5.8 meters and 17.0 meters, respectively. Peak pressure

readings on the donor side at 50-maeters were at approximately 0.007 NPa

(1 psi) (expected was approximately 0.03 WPa (5 psi)). A recovery zone,

( illustrated in Figure 14, was laid out to determine potential hazardous

fragment densities. On the acceptor side, most of the debris from the

sandbags, earth fill, and cinder block wall were within a 20-meter

distance of the original walls. Several large cinde, block fragments

were recovered in this area, with weights ranging from approximately

0.2 kg to approximately 3.6 kg. No debris was recovered outside the

50-muter distance. On the donor side, large numbers of hazardous

fragments and debris were recovered within a 20-mater distance. The

number of fragments recovered between 20 and 50 meters were far fewer,

yielding a fragment density In the recovery zone of approximately 1

fragment/610 sq.ft. Fragment messes ranged from approximately 4.0 grams
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to approxlmately 260 grams, with an average mass of approximately 70 0
,grams. Betw•en 50-meters and 100 meters, the recovered fragment density

was approxlmettly 1 fragment/3360 sq.ft. No attempt was made to deter-

mine which of these fragments were actually hazardous based on KoE.

calculations. Fragment mosses ranged from approximately 3 grams to

approximately 230 grams, with an average mass of approximately 30

grins.

With a proper shielding and packing configuration, blast and

hazardous fragments generated as a result of a detonation of a single

pallet of 8-inch projectiles In an open storage bunker can be contained

and reduced to near zero at finite distances from the storage areas.

These tests demonstrate the potential for easy access, open storage of

H.E. munitions in the vicinity of Inhabited buildings. Figure 15(.

Illustrates a type of proposed open-storage bunker. In this type of

bunker, walk-throughs would be provided to allow explosive-handler

personnel access to the inside for inspections and removal of the

umunitions. The actual removal of the munitions would be achieved with

the usage of a overhead crane. The numbers of munitions stored would

be limited on the width; this being dependent on the extended reach of

the crane. The length would only be limited by the space provided for

the bunker. Figure 16 illustrates the same type of bunker with a

different packing arrangement. Its only advantage over the afore-

mentioned design is the larger number of munitions stored per unit

area,

t148 f

~ - ~ ~ -



0 : T,$,T r TAA1t214A1
T 14: !CEIMMBER 1981

'" TIME: 15:I1qsr ...

4 EACH

8 i,•ch, M106, H.E.
PROJECTILES

SKIN-TO-SKIN .fko6c

SII SK

D DONOR 86.36c

SSHIELDING STEEL ARMOR BASE

WITNESS PLATE SANDBAG ADJOINING
6.35cm THICK PROJECTILE

PROJECTILES: 4 EACH SIMULATORS
8 inch, M106, H.E.
TNT LOADED
LOT 1OP-13-11
WITH SUPPL. CHARGE D680
IN PALLET CONFIGURATION

SHIELDING: 1 EACH - PLACED CENTERLINE BETWEEN DONOR AND ACCEPTOR
PROJECTILES. 10.16cm THICK

I PART CEMENT
2 PARTS SAND
4 PARTS ZONOLITE

RESULTS: ACCEPTOR PROJECTILE "A" DID NOT REACT, WAS RECOVERED
INTACT: 120.0m, 35* LEFT OF ORIGINAL TEST POSITION;
SUSTAINED MINIMAL FRAGMENT DAMAGE. THERE WERE -10 IMPACTS
WITH AN AVERAGE DEPTH OF n, 5.01m,. ACCEPTOR "B" REACTED
BUT DID NOT LEAVE AN IMPRESSION IN THE BASE WITNESS PLATE
AT THE ORIGINAL TEST POSITION. THERE WERE LARGE FRAGMENTS
AND SOME TNT RECOVERED. THE WITNESS PLATE HAD AN
IMPRESSION BENEATH "HE ORIGINAL TEST POSITION OF EACH
DONOR PROJECTILE.
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TIME: TAA1215A1
DATE: 15 DECEIRE 1981
TIME: 14:22 [ST

4 EACH
8 inch, M106, H.E.

PROJECTILES SHIELDING

lm 86.36cm

SI ~~SKIN 'TO 'SKIN . .

D B

STEEL ARMOR BASE SANDBAG
PROJECTILES: 4 EACH WITNESS PLATE ADJOINING

8 inch, M106, H.E. 6.35cm THICK PROJECTILE
TNT LOADED SIMULATORS
LOT 1OP-13-11
WITH SUPPL. CHARGE D680
IN PAl.LET CONFIGURATION

SHIELDING: 2 EACH, 10.16cm THICK
1 PART CENENT
2 PARTS SAND
4 PARTS ZONOLITE

RESULTS: BOTH DONOR PROJECTILES (D)DETOUATED, ACCEPTOR PROJECTILES
(A AND B) DID NOT REACT: WERE RECOVERED INTACT: "A"
64.0m,450 LEFT OF ORIGINAL TEST POSITION. "B" - 111-25m,
250 RIGHT OF ORIGINAL TEST POSITION. WITNESS PLATE HAD
IMPRESSION BENEATH ORIGINAL TEST POSITION OF EACH DONOR
PROJECTILE. ACCEPTORS SUSTAINED MINIMAL DAMAGE.
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TEST: TAA113OA1
DATE: 30 NOVEMBER 1981
TIME: 11:27 MST

4 EACH
8 inch, M106, H.E.

PROJECTILES

SHIELDING

lm
SKIN-TO-SKIN 15.24cm

40.64cm 86.36cm

_ •n ,Ab

STEEL ARMOR BASE

PROJECTILES: 4 EACH WITNESS PLATE ADJOINING
8 inch, M106, H.E. 6,35cm THICK PROJECTILE
TNT LOADED SIMULATORS
LOT 1OP-13-11
WITH SUPPL. CHARGE D680
IN PALLET CONFIGURATION

SHIELDING-: 2 EACH, 15.24cm THICK
1 PART CEMENT
2 PARTS SAND
4 PARTS ZONOLITE

RESULTS: BOTH DONORS (D)DETONATED, ACCEPTOR-PROJECTILES Aa and Ab.
DID NOT REACT, WERE RECOVERED INTACT: Aa - 128.02m, 350
LEFT OF ORIGINAL TEST POSITION. Ab - 88.39m, 15- RIGHT
OF ORIGINAL TEST POSITION. BOTH ACCEPTORS SUSTAINED SLIGHT
DAMAGE TO ROTATING BANDS: NO FRAGMENT IMPACTS. WITNESS
PLATE HAD IMPRESSION BENEATH ORIGINAL TEST POSITION OF EACH
DONOR PROJECTILE.
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TEST: TAAO803A2

DATE: 3 AUGUST 1982
TIME:* 15:00 MDT

2 EARH-3% N106. H.E.
PR•JECTILES
TNT LOADED

IN_ LOT OIOP-13-11

- ~WITH WKIP.
- CHARGE 0680

SHIELDING: "
ENTIRE SETUP 15.24cm THICK

PLACED ON LEVEL 1 PART CEMENT
GROUND 2 PARTS SAND

4 PARTS ZONOLITE

- 00

FASTAX ~~

FULL-FRAME" - ,COl OR,• ,.

1' / "I / SANRUM
CINDERBLOCK ADRJOIEIMGWL t / ECTILE

SIMULATORS

EARTH FILL
BEHIND WALL SANDBAG WALL1 AROCK FILLED (SAND WITH ANY

SANDBAGS AGGREGATE PRESENT
SANDBAG (USE SPECIAL HELD TO A MAX.

WALL RED ROCK) SIZE OF 1/2" DIA.)

FASTAX CAMERA
FULL-FRAME COLOR

FIGURE 7
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TEST: TAAO8O3A2
DATE: 3 AUGUST 1982

TIME: 15:00 MDT

OVERALL VIEW OF TEST SETUP BEFORE TEST -

SHOWING PROJECTILE/SHIELDING CONFIGURATION

VIEW OF TEST SETUP BEFORE TEST

SHOWING PROJECTILE/SHIELDING CONFIGURATION
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TEST: TAAO812A2
DATEt 12 AUGUST 19825TIME: 17:05 MDT

OVERALL VIEW OF TEST SITE BEFOR~E TEST

T i

CLOSEUP VIEW OF TEST SHOWING-DONOR PALLET AND CINDERBLOCK WALL -BEFORE TEST
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TEST: -TAA0812A2
DATE: 12 AUGUT 1962

TIME: 17:05,MST

VIEW OF ACCEPTOR SIDE OF TEST SITE -AFTER TEST(

VIEW OF DONOR SIDE OF TEST SITE -AFTER TEsi (~
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'TEST: TAAO812A2
DATE: 12 AUGUST 1982
TIME: 17,05 MDT

VIEW OF RECOVERED ACCEPTOR
PROJECTILES -AFTER TEST
SHOWING FRAGMENT DAMAGE ON
ROTATING BANDS

VIEW OF RECOVERED ACCEPTOR
"PROJECTILES -AFTER TEST
SHOWING SQUASHING DAMAGE TO
PROJECTILES
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ADVANCED .nf.'N. OF ,MBSU...I" POX'S .FORLESS VULNRRAOLN MUNITIONS

14XJ STOSS
VAL SURFACE NWIAPONS CENTER

WHITE OAK, SILVER SPRING, MARYLAND 20910

heABSTRACT

Three approaches that can be taken to formulate safer
explosives aret

.?s o ow energy explosives;

S•-•, 5 0 Usof fuel/oxidizer mixtures,

L-Ndt3 Use of soft, rubbery explosives@

•- Munition vulnerability is strongly affected by the explo-
sive's properties, but is also very dependent on the warhead
physical characteristics. Other things that affect vulnera-
bility include the quality of the explosive charge, ambient
conditions, the presence of other ordnance items, and the way
external energy is deposited into the explosive.

S... An insensitive explosive must not react easily to external
stimuli, or must react mildly under a variety of conditions.
The difference in sensitivity must be large enough in practical
situations to be worthwhile. Test results will be discussed
that show that certain new, high-performance explosives also
have exceptionally good vulnerability behavior.

INTRODUCTION

For over twenty years, the Navy has been developing two
new types of explosives that have demonstrated exceptionally
good vulnerability behavior compared to conventional TNT-based
melt-cast explosives and standard pressed explosives. Pre-
viously, applications requiring good vulnerability have resorted
to using low-energy explosives, such as Explosive D, DATB and
picric acid. The poor performance characteristics of such
no alternative. Aircraft carrier fires, train fires, and other

accidents that have i2roduced violent explosive reactions have
pointed out the need for less vulnerable munitions. It has
also been shown that the vulnerability of complex, high-value
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launch platforms, such as tanks and ships, is very dependent
on the vulnerability of on-board munitions. Above-the-waterline
storage of ordnance on ships has caused concern about the impact
of this on ship survivability.

This paper describes fairly recent developments by the
Navy of two types of high-performance, insensitive plastic
bonded explosives (PBX'u), The insensitive PBX's are sft,
rubbery explosives that have energetic, powdered solids
incorporated into polymeric binders. While these explosives
have been under development for quite a few years, there is
still some concern about their use in munitions because they
have unusual properties. They appear to be sensitive when
tested in some standard tests, such as the small-scale drop-
weight impact tester. Furthermore, the new PBX's are similar
to composite propellants, have more complicated compositions,
cannot normally be processed in standard explosives production
facilities, and are expected to cost more than TNT explosives.

The Navy has taken several actions to emphasize the need
for less vulnerable explosives and to facilitate their intro-
duction into service use. One action was to issue an Operational
Requirement (OR) document defining the need for insensitive
and high performance explosives. The second was to establish
an Explosives Advanced Development (EAD) Program to address
the producibility of and to more fully characterize promising
new explosives, including conducting large-scale tests in
actual or simulated warheads to demonstrate their behavior.
The purposes of these EAD Program efforts are to reduce the
cost of weapons using new explosives and to minimize engineer-
ing development program risks when they are selected for weapon
applications.

INSENSITIVE PBX'S

The first family of PBX's that were found to have good
vulnerability behavior compared to molecular explosives, such
as TNT, RDX, and mixtures of these, were explosives containing
fuel and oxidizer rich ingredients formulated for use as under-
water explosives. Development of these explosives started
in the late 1950's. They are castable materials that cure
to rubbery solids. The compositions' of two of these explosives
are shown on Table 1. The separatekfoel and oxygen rich ingre-
dients react during the detonation jrocess to achieve the desired
output. Some of the properties of these underwater explosives
are shown on Table 2. They appear sensitive based on the small-
scale, drop-weight impact test (easy to ignite), but are insensi-
tive based on the large-scale gap test (LSGT) and have large
critical diameters.

Ap*
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Development of a second family of PBX's, with good munition
vulnerability properties and good performance in fragmentation
warheads, started in the aid-1960*s. An example of this kind
of PBX is shown on Table 3. These PBX's are high-solids content,
castable explosives that also cure to rubbery solids. They
generally contain the nitramines, RDX or HNX, and sometimes
aluminum (AL) powder. The PBX example shown contains a moderately
energetic plasticizer. Other PBXes in this family have been
formulated with all "inert* binders using co.raercially available
elastomeric polymers, including polyurethanas and polyesters.•. Properties for the PBX shown on Table 3 ar qiven in Table 4.* These PBX's generally have mid-range dro-weight impact test

heights (moderately easy to ignite), have moderate LJGT sensi-
tivities, and critical diameters similar to standard explosives
with comparable chemical energy.

One way the behavior of the insensitive PBX's deviates
from past explosives is that the drop-weight impact test results
do not correlate with field handling hazards. This was also
found to be the situation for composite propellants containing
ammonium perchlorate (AP). Such propellants could not be detonated
even as large diameter charges, in spite of the fact that they
hud drop-weight impact sensitivities comparable to booster
explosives. The good vulnerability behavior of the insensitive
PBX's is apparently due to their soft, rubbery properties,
to the fact that their cured density is close to the theoretical
maximum density (TMD), to the way they fracture when loaded
above their mechanical limits, and to their burning characteristics.

' Explosive reaction to external shocks and mechanical energy
sources is generally considered to be caused by hot-spots which

grow, producing gas pressure that can cause structural failure
of the case and explosive charge. Explosive breakup and other
phenomena can lead to more violent reactions that can resultin deflagration to detonation transition (DDT). It is believed
that the rubbery PBX's distribute external energy sources through-

out a greater volume of the explosive charge to reduce localized
heating. If ignition should occur, the PDX burning characteristics
and fracture mechanics apparently help to minimize reaction
violence.

The composite underwater explosives complicate the ignition
and growth process because of the use of relatively insensitive
ingredients that produce a lot of energy by a diffusion, mass-
transport burning process and because of their large critical
diameters. The mixture of fuel and oxidizer chemicals increases
the potential for explosive reaction (compared to the individual
chemicals); however, the relatively long time that is needed to
allow for gas phase mixing and the large critical diameter favor
the continuation of burning reactions instead of DDT. This
burning can be vigorous if confined and will produce pressure
rupture explosions, but it is relatively slow, is much less
likely to lead to detonation/mass detonation, and is possibleto control by sprinkler systems or other damage control techniques.
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The assessment of now explosives, oeoa as the PBX's described
above, is difficult when they deviate from "normal" behavior.
Weapon developers are reluctant to us* new technology when
it is not a simple extension of existing tachnology. The
absence of historical data and lack of experen~oe increamaa
their reluctance. Under these circumstances, it is important
to z-onduct large-scale tests to provide proof of explosive
behavior and to demonstrate the ability to make correct pre-
dictions. Many' tests are sometimes required to obtain reasonable
estimates of mean values and their statistical variability,
especially if there is a low probability that the event will
occur.

The U.S. Navy has established an Explosives Advanced
"Dvelopment (HAD) Program to help move promising new explosive
technology from the laboratory to use in weapons. T'he ZAD
Program supports the work efforts shown on Table 5. The purposes
of these efforts are to reduce manufacturing costs and to reduce

j I the risks associated with putting new explosives into munitions.
Explosives are put through a five-phase test and evaluation
process, shown on Table 6, that takes about five years to zomplete.

A compilation of test procedures is being assembled py
Sthe HAD Program to describe the testing that is done. The

cest procedures will include a description of generic test
hardware and predictive techniques. The purposes for selecting
special generic hardw;ire are to use low-cost test units, to
have consistency from test to test, and to obtain credible (
data on explosives behavior under realistic conditions for
weapon applications. The generic test units are either simple,
readily available items such ac 76-mm and 127-mm gun projectiles,
or specially designed items as thown on ?igures 1 and 2.

Several similar explosives are often put through advanced
development at the same time to compare them and select the
best one. Methods have been prepared to rate explosives at
different points during the five-phase development process.This is done using "ranking schemes" and is being done during
development on explosives that are very similar, to reduce

the number of explosives in advanced development and the cost
of testing. The ranking schemes are used at the end of certain
development test phases.

These ranking schemes are a collection of explosives
properties (attributes) that are given point values based on
how important the property is felt to be. The explosive being
evaluated is Siven a rating for each property. Final scores
are sums of the individual property ratinga times the point
value for that property. A ranking scheme used to evaluate
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hazards and vulnerability is shown on Table 7. The PBX that
receives the highest score is considered to be the safest' or
least vulnerable. The ratings determined for explosives evalu-
ated using the safety ran!cing scheme are determined either
on the basic of the violence of test results (nlo reaction up
to a detonation), or on the basis of relative performance
compared to some standard (for example, LWGT sensitivity compared
W, Coop B1. The ranking schemes are intended to be fairly

general, but are somewhat configured for classes of explosives,
for example amstzable main-charge PBX's.

EXPLOSIVES VULNERABILITY TESTING

Some of the energy sources that can affect explosive
hazards and vulnerability behavior of munitions are shown on
rigure 3. Predicting hazards and vulnerability behavior is
difficult. There are many conditions that can start a low
level reaction, or ignition in an explosivel however, in many
situations it is not possiblo to predict at what level this
will occur. Once a substantial ignition of the explosive does
occur, the problem of predicting the behavior of the munition
is complicated by uncertainties concerning 'he growth process
and violence of the final event. The two iLportant questions
are

V •r. .What is the probability that an external stimulus will

cause a persistent explosive reaction?
What are the statistics of the response, that is, the

level cf the reaction and its variability?

An analysis of transportation accidents in the U.S. concluded
that fire was the cause of explosive reaction in most, if not
all, cases. Mechanical and hydrodynamic shocks also can be
the cause of unintentional explosive reaction, in the handling
of menitions, during combat, or as a result of violent explosive
reaction of other munitions (sympathetic reaction).

The uncertainties associated with prediction of both
munition performance and vulnprability behavior has placed
emphasis on large-scale testing for assessing these kinds of
behavior. Even for situations where adequate predictions can
be made, large-scale testing is often done to confirm the
predictions and to demonstrate explosive behavior. 'Safety"
tests, hazards tests, and vulnerability tests are included
in most weapon development programs. Four tests that are
required for many U.S. Navy weapons are the 12-meter A40-foot)
drop, a fuel fire fast cook-off, a slow cook-off (3.3 C per
hour to reaction), and a 20-mm bullet impact. Special tests
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also are d~ructed on weapons,, depending on the weapion's cherac-
teristics and the enviroviunts (inclading xtr•eme eaviromnnts)
that the ordn&ape ackage is expeoted to see between th• time 0
it is loaded and the time it i, used.

Typic&I results of the reaction of warheads to tho Wavy's
t-50 tests are shown on Table 0. the b pre-19?O1 resilta are

represeAtatv*e of the behavior of conventional TNT-baied and
pressed explosives. Slow cook-oft (heating at 3.3C/hr until
exploslve reaction) produces the most violent reaction. Very
seldom does the 12-meter (40-fot6,) drop produce any reaction,
ard if it does *he warhead is redesigned to eliminate the cause.
A compilation of WR-50 test results for PBXN-103 loaded into
a number of different hardware tast items containing from 45
to 550 Kg of explosive is shown on Table 9. Rven though PHXN-
103 is a very energetic explosiver it has good vulnerability
characteristics.

A comparison of vulnerability tents conducted on a non-
aluminized POX (Table 3) loaded into generic 76-urm and 127-
=m projectile teat units with a standard projectile explosive,
Composition A-3, is shown on Table 10. The PBX explosive pro-
duces less violent reactions in most of the tests, although
the explosive will start to react at similar input levels.
The time to ignition in the fast cook-off test is about the
same for the POX and Composition A-3, but the PBX only Lurns
leaving the projectile intact. The Composition A-3 producesSas partial detonation with air blast overpressures equivalent
to a detonation of about one-half the explosive.

A sympathetic detonation test met-up is shown on Figure 4.
The center, or donor projectile, is detonated. The distance
between tie two projectiles on either side, the acceptor pro-
jectiles, and the donor are varied to find the 50-percent
probability standoff distance for sympathetic detonation.
The PBX did not sympathetically detonate in either the 76-mm
or the 127-mm configurations even when the scceptor projectiles
were placed in contact with the donor. Figure 5 shown the
acceptor projectile fragments for a 127-mm sympatheti- detona-
tion test at zero standoff. The 50-percent standoff distance
for Composition A-3 was 18 to 25 cm.

The setback shock test is a drop test that subjects the
explosive to a pressure pulst similar to the set-back pulse
seen during gun firing. The setback shock test can be con-
ducted at different pressure levels, up to six to eight times
the pressure experienced during gun launch. The PBX and
Composition A-3 start to react at similar pressure levels;
however, the POX produces very mild reactions while Composition
A-3 produoes vtolent ecplosions
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_ The safety and vulnerability attributes listed on Table
7 have been determined for new, Insensitive, aluminised. P3X's.
Results of vulnerability tests for one ate shown on Table 11.
The fast cook-off test result for PBX loaded into the Heavy
Wall Penetrator (MP) generic test unit is shown on Figure
C. Pressure from the burning explosive caused a loading port
rupture. The explosive proceeded to burn mildly until it was
all consumed. Composition B detonated under the same teat
conditions.

Figure 7 shows a Naturally Fragmenting (UP) generic test
unit with added end confinement that was loaded with ,a PBX,
after a multiple bullet iopact test (five 20-ma rounds at 1120
a/sec and 50 mec intervals). The case split open in the back,
but the explosive only burned. The Composition B reaction was
just a little more violent under the same conditions, producing
a deflagration. Under the heavier confinement of a 127-mm
projectile, Composition B detonuted while the PBX still pro-
duced only a burning reaction. The same test conducted on
the PBX Li a generic bomb case caused mild explosive burning,
as shown in Figure 8 (bullet exit side). H-6 produced an
explosion reaction in this configuration, Figure 9.

Some of the tests discussed above are new, so there is
not much of a data base on results for a variety of explosives.
However, the test results so far indicate that in some situations
it takes nore input energy to cause an explosive reaction for

pep insensitive PBX's, ccapared to conventional TNT-based or pressed
explosives. The PBX's also often appear to react less violently
when explosive reactions are started under test hardware confinement.

CONCLUSIONS

Two new families of rubbery PBX's developed by the U.S.
Navy are high-performance explosives with good vulnerability
characteristics. Work is being done to define better methods
for predicting ordnance performance and vulnerability, but
this still cannot be done for many conditions. It is necessary
to do large-scale hardware tests to obtain data and to demonstrate
that predictions are valid.

The long time and nigh costs associated with large-scale
testing has caused the Navy to undertake a new Explosives
Advanced Development rrograa. Work is being done under this
program on pilot plant scale-up and large-scale vulnerability
and performance testing of new explosives,

Recent large-scale testing of several new rubbery PBX's
show that they have better i'ulnerability behavior than counter-
part, conventional TNT-based or pressed explosives. The improved
vulnerability behavior of these new PBX's is thought to be due
primarily to their rubbery physical properties.
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TABLE S. EAD PROGRAM WORK EFFORTS

* IMPROVE EXPLOSIVES PRODUCIBILITY AND CONDUCT PILOT PLANT SCALE4UP.

9 BETTER CHARACTERIZE EXPLOSIVES AND CONDUCT LARGE4-CALE TESTS.

* DEVELOP PREDICTIVE METHODS TO IMPROVE WARHEAD DESIGN AND USE.

* PROVIDE A PRINTED DOCUMENT AND A COMPUTERIZED STORAGE-RETRIEVAL

DATA BASE ON EXPLOSIVES PROPERTIES.

o COORDINATE EXPLOSIVES DEVELOPMENT WITH WEAPON DEVELOPERS,

SPONSORS. PRODUCTION GROUPS, AND OTHERS DOING EXPLOSIVES DEVELOPMENT.
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TABLE 7. SAFETY RANKING SCHEMEU

WEIGHTING POX EXAMPLE
ATTRIrUTES FACTOR * RATING 11 SCORE

COOK-OFF
FAST COOK-1tF 20 10 200
SLOW COOKoOFF 1I 4 so

SUBTOTAL 3B 260

VULNERABILITY
SYMPATHETIC DETONATION S 10 s0
MULTIPLE PULLET S 3 24
SINGLE FRAGMENT a 3 15
MULTIPLE FRAGMENT a 7 56
SHAPED CHARGE 5 1 5

SJBTOTAL 34 IS

SENSITIVITY
LARGE-SCALE GAP 3 2 6
SUSAN a 10 so
WEDGE 2 5 10
CRITICAL DIAMETER 2 7 14
AOUARIUM 3 8 24
FRICTION 1 10 10
DROP-WEIGHT 1 5 6_

SUBTOTAL 20 149

PROPERTIES
ISOTHERMAL COOK-OFF 5 2 10
GROWTH & EXUDATION 3 9 27
GLAIS TRANSITION 2 10 20
DENSITY VARIATION 1 10 10

SUBTOATL 11 67

TOTAL 100 65

TOTAL OF 100 POINTS

RANGE FROM 0 TO 10. VALUE IS OBTAINED FROM EQ.UATIONS THAT EVALUATE
VIOLENCE OF REACTION FOR COOK-OFF AND VULNERABILITY (EXCEPT
SYMPATHETIC DETONATION) AND RELATIVE PERFORMANCE COMPARED TO
OTHER STANDARD EXPLOSIVES FOR SYMPATHETIC DETONATION, SENSITIVITY
AND PROPERTIES.
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TABLE S. PRE-1970 WR-60 TEST RESULTS

SLOW FAST BULLET 12-MUTER
TYPE REACTION OOOK-OFF COOK-OFF IMPACT DROP

NO ACTION 0 0 90 220

BURNING 9 48 79 4

VIOLENT BURNING 2 7 15 0

EXPLOSION 4 3 3 2

L.O. DETONATION 2 7 35 0

H.O. DETONATION 6 5 3 0

TOTAL 25 70 225 235

% VIOLENT
"REACTION 64 31 25 1

11.79



TABLE S. SUMMARY OF PBXN-103 WR60 TEST RESULTS*

TYPE SLOW FAIT BULLET 124WETER
REACTION COOK-OFF COOK-OFF IMPACT DROP**

NO ACTION 0 0 1 32

BURNING 6 1 a 0

DEFLAGRATION 3 6 4 0

EXPLOSION 3 10 7 0

DETONATION 6 0 0 0

TOTAL 17 31 20 32

% VIOLENT
REACTION 53 32 35 0

46 KG to NO KG EXPLOSIVE CHARGES IN ALUMINUM AND STEEL CASES.

INCLUDES DROPS ONTO STUDS, AND MULTIPLE DROPS ONTO STUD&
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VULNERABILITY

E7
THERMAL INPUTS HYDRODYNAMIC SHOCK MECHANIAL SHOCK

0 FUEL FIRE (WEAK/ISTRONG) * CRUSHING IMPACT

o SLOW TEMP. INCREASE • SYIPATHETIC DETO. * ROUGH HANDLING
0 HIGH ISOTHERMAL TEMP. 0 SHAPE CHARGE JET S TRANSPORTATION
* ELECTRICAL PAHK o FRAGMENTS ACCIDENT

LASER SINGLE * VIBRATION
MULTIPLE 0 HIGH ACCELERATIONS•PLATE IMPACT I ...

• /• ! EXPLOSIVE,1,3NITION l

REACTION GROWTH

DEFLAGRATION -

; ~~EXPLOSION - "a~

DETONATION -

FIGURE 3. HAZARDS-VULNERABILITY BEHAVIOR
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"PREPARATION~ AND PtflIFICATION OF KILOGWM4 QUANTITIES

OF SU1 A14D TAX% 10M. AND RDX I1rmWEDIATKS"'

SCliffoTd D. Bedford and Itaria A. Geigel
SRI InternationalC Menlo Park, CA 94025

0 and
D. H. Rosenblatt

U.S. Army Hedical Research and Development Command
Fort Detrick, Frederick, MD 21701

A STRACT
A A continuous process for the safe and effective preparation and

purification of 1-acetyl-3,5-dinitro--1,3,5-hexahydrotriazine (TAX)

in kilogram quantities was developed. The major advantage of the

process over other methodology is the control of a vigorous (and often

explosive) reaction exotherm and the reduction of reaction volumes

during the critical initial stages of the reaction. Preparative high

iipressure liquid chromatography (HPLC) yielded analytically pure TAX

for environmental testing.

I-Acetyl-3,5,7-trinitro-1, 5,7-octahydrotetrazocine (SEX) is prepared

by nitrolysis of 1, 5-diacetyl-3,7 initro-1, 3,5, 7-octahydrotetrazocine

(DADN) with 30% oleum/100% nitric acid in a batch process. The crude

SEX is contaminated with 2% to 5% 1,3,5,7-tetranitro-1,3,5,7-octahydro-

tetrazocine (IHX) and 15% to 20% DADN. This composition is achieved

with 10- to 1500-gram batch reactions. Purification by hot-column

chromatography (to remove DADN) followed by recrystallizati3n from acetone

yields 98% SEX.

1I4TRODUCTION

The U.S. Army Medical Research and Development Coumand is interested

in determining the potential environmental and health hazards of wastewaters
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containing SEX and TAX. SEX and TAX are unavoidable coproducts formed

during the manufacture of RDX/1MX by the modified Bachaman process.'

With a total yearly production of 16 million pounds of RDX and 2 million

pounds of MIX, more than 1000 pounds of SEX and 3600 pounds of TAX per

day could be generated and discharged. The wastewaters from the "-

manufacture of RDX/HMX are subject to environmental discharge limitations

established by regulatory agencies. Evaluation of the potential hazards

of these wastewaters to the environment is a necessary portion of the

data base needed to estimate environmental hazards. Because the wastewaters

will contain large amounts of both SEX and TAX, it is important to

obtain sufficient quantities of pure SEX and TAX for a complete

toxicological investigation.

Since SEX and TAX were of no value as explosives, little effort

has been expended on their deliberate synthesis. Therefore, we

investigated the feasibility of preparing kilogram quantities of SEX

and TAX in the purity (>98%) necessary for these studies. Our

specific objectives were:

1. Investigate the most promising methods reported fo: the
preparation of SEX and TAX and verify successful synthesis on
a 50-gram batch scale.

2. Investigate both known and alternative purification methods
for SEX and TAX to determine which is the most effective.

3. Determine the most efficient methodology for the analysis
of both SEX and TAX.

4. Further characterize SEX and TAX by determining their
shock-sensitivity to permit their classification for
shipping, handling, and storing.

5. Prepare and purify 3.0 kilograms of TAX based on feasibility
studies.

6. Prepare and purify 2.0 kilograms of SEX based on feasibility
studies.

Our efforts to prepare and characterize TAX and SEX are described
in the following sections, as is the scale-up preparation and purifica-

tion of an analytically pure 3.0 kilogram quantity of TAX and 2.0 kilogram

quantity of SEX. The preparation and purification of TAX and SEX is also

described in more detail elsewhere. 2 ' 3 ' 4
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RESULTS AND DISCUSSION

Preparation of TAX

The total synthesis and purification of TAX, prepared according

to the method described by'Gilbert, et al,' is shown in Scheme I.

Ac

I Ac 20 1/2 HaO

Ac' N "Ac

Hexamine TRAT

t Ac I0,

CH2Cl2  onrN HNO5 (100%)ý N i rN
Azeotrope N N (CFCO)c /N N

Ac Ac 02N \No, N02 -No.

TPTAT TAX RDX
(anhydrous)

Ac
i

1) HPLC•,,

2) Recrystallizstion aNN vNN

TAX >99.9%

Scheme I

Synthesis and Purification of TAX
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TRAT was prepared as previously described.' The TRAT obtained by
evaporation of acetic acid/water as a white crystalline solid (melting

point 49*- 5 4 *C) contained approximately 20% to 301 water (as deaterminqd

by Karl-Fisher and NMR analysis). The wAte- must be -emoved before
the TRAT is mixed with the TFAA. Two methods were developed for rewoving

residual water: (1) drying TRAT in vacuum ovens over phosphorous pentoxide

and (2) azeotroping the water with methyiene chloride, The methylene
chloride aseotroping method was more effective because larger qusntities
of wet TRAT could be dried. Both methods yielded TRAT containing less than

0.2% water (as determined by Karl-FMher analysis). The residual

water was consumed when TRAT was mixed with TFAA before the T....

production runs were performed. Dried TRAT, obtained by either method,

has a melting point of 910 -94 0 C, identical to that previously reported. 0

On a laboratory scale, the preparation of TAX by the proceaure

showa in Scheme I consistently yielded 60% to 70% crude TAX, contaminated

with RDX. The experimental methods developed required that the reaction

mixture be cooled during admixture of reagents. Subsequently. after (
a brief Induction period and without external cooling, an internal

temperature of 60 0 C accompanied by an uncontrolled refluxing of TFAA
was observed when using small quantities of TRAT. On scale-up effective

cooling of the reaction mixture in conventional batch equipment was
difficult because of the change in the ratio of the volume of material

to the effective surface area used for cooling, Furthermore, two

unexplained detonations during the initial laboratory experiments precluded
scale-up with conventional batch equipment because of the increased

hazards involved.

These problems ,iere solved by using a continuous plug-flow method to
prepare TAX. The major advantage of the method is the ease of controlling the
exothermic reaction. Furthermore, the initial mixing chamber contains
only a small amount of material at any one time, increasing the safety

of the reaction.

1196(1.
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A schematic of the reactor for the TAX synthesis is shown in

Figure 1. Approximately 8.3 kg of TRAT was fed into the reactor during

a three-day period. Approximately 4.0 kg of a dry TAX!RDX mixture was

recovered, which according to the NMR analysis zonsisted of 75% TAX aid

25% RDX. The following optimum conditions were established diring this

three-day TAX production run.

0 A single peristaltic pump cycled cold acetone (100 to 20*F)
at a rate of 1.5 L/min through the mixer and separator,I coupled in series.

0 Feed lines and cooler lines were insulated Lo minimize heat
losses.

0 TaAT feed batches were prepared by dissolving 576 grams of
anhydrous T¶2AT in 2 L of TFAA.

• TRAT/TFAA feed rates averaged 60.2 g/mrin.

* Nitric acid (100%) feed rates averaged 18.0 g/min.

* *° The above feed rates reoulted in a residence reaction time of 13
to 18 minutes.

The )umps installed below both separator rnd mixer were
operated remotely, keeping the liquid level in both chambers at
a volume of 300 to 500 mL.

SDuring the course of the reaction, four temperatures were
'monitored: (1) the mixer temperature was held at 66* to 70OF
with a cooling bath temperature of 20OF and with the feed rates
previously established. (2) The separator temperature remained
betwee.i 550 and 65 0 F under these teaction conditions. (3) A coil
bath temperature of 65* to 70*F was required to reduce effluent
reaction temperatures, which during early rtms rose to 1250F.
Under the above conditions the effluent temperature remained
between 750 and 85 0 F.

The TAX prepared above was purified by preparative IUXLC, using

dual normal-phase prepacked silica gel columns and a nitromethaxne

eluent. Because of the limited solability of TAX and RDX (approxiaiately

1i0 g/l00 mL) in the solvent, the injection volume must be maximized to

cnsure a reasonable time frame for purification. A sample loop with a

maximum volume of 300 mL was constructed (Figure 2) and attached directly

to the colthmns, bypassix - the injector. Evaporation cf the nitromethane
solution yielded 2.6 kg of light yellow TAX. The color was due to
residual impurities in the nitromethane. Recrystallization from a
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rNOX NOI NOXI NO,1
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Refrigerant

8 P3  Level-Control Pumps
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I, drume

ReceMain Gas

.JA- 1106-2

FIGURE I SCHEMATIC 7 C IMPROVED CONTINUOUS-FLOW MINIPLANT
FOR MIII,ý -'RAM SYNTHES;S OF TAX
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FIGURE 2 PURIFICATION OF TAX BY PREPARATWVE-SCALE HFLC
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contaminants, made this route, shown in •Quation (1), inadequate for

large-scale preparation.

minimal amount of fresh nitromethane yielded 2.3 kS of 99.9% TAX as a

white crystalline powder. No Impurities could be detected using either

normal-phaso or reverse-pha"e analytical HPLC. The process, described

above, represents an economic solution to the preparation and purifice-

tion of multigram quantities of TAX.

Preparation of SEX

SEX wpm prepared according to the methods of Gilbert et al." and

Coono as shown in equations (1) through (3).

Ac Ac

Aco

LNI oNN N-O 2  (1
! I
Ac NO2

TAT SEX

Ac

r-N H1N02 (100%)(2

02N-N NI-NO2 -, SEX(

LN_ (CFsCO)aO

Ac

DADN

UNO, (1007.)
DADN N SEX (3)

30% oleum

Treatment of 2.0 grams (7 mmole) of TAT with 100% nitric acid/acetic

anhydride mixture yielded 93% and 40% of crude SEX in separate experiments.

Based on proton NMR and TLC analysis, the crude SEX was a mixture of DADN,

SEX, and HfIX in a ratio of approximately 0.5:1:1. The variable yield,

coupled with difficult methods for preparing TAT and separating the SEX from C
1200
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a
SEA was then prepared from DADN n shown in equation (2).

Treatment of up to 40 grams (0.2 mole) of DADN with 100% nitric

acid/trifluoroacetic anhydride mixtures consistently yielded 60% to 75%

crude SEX. The reaction between DADN and the nitrolyzing medium, 100%

IINO/TFAA, was modified slightly from that followed in the preparation

of TAX. The DADN was insoluble in TFAA and had to be dissolved in the

nitric acid before mixing. Furthermore, when the DADN and the nitrolyzing

medium were allowed to stand at room temperature for prolonged period*,

no exotherm was observed, such as occurred during the preparation of

TAX.

The synthesis, although successful, had two serious drawbacks:

(1) the amount of TFAA used in the reaction procedure represented a

substantial cost, making the preparation of kilogram quantities of SEX

prohibitively expensive, and (2) the crude SEX was contaminated with

both HMX and DADN in amounts greater than 50%, which could not be

readily removed by physical separation methods, such as column

chromatography, recrystallization, or extraction.

Recently, Coono demonstrated that nitrolysis of DADN with 100%

nitric acid/30% oleum yielded a DADN/SEX/HMX mixture consisting of less

than 3% HMX as shown in equation (3). Treatment of up to 1500 grams

(2.5 moles) of DADN with 100% nitric acid/30% oleum mixtures consistently

yielded DADN/SEX/HMX mixtures containing up to 85% SEX. In a typical reaction
50 grams (0.25 mole) of DADN was treated with 750 mL of 100% nitric acid

and 165 mL of 30% oleum. After the mixture was stirred for 18 hours at

room temperature, quenched over ice, filtered and dried, 24.4 grams

(50% yield) of crude SEX was obtained. The crude material consisted
of 3.4% HMX/75% SEX/21.5% DADN (as determined by analytical HPLC), which
is equal to a 36.5% overall yield of SEX. This preparation method is

superior to those methods previously investigated because (1) the costly

TFAA employed in equation (2) Is replaced by the more economic and

accessible 30% oleums, (2) the re 'ttion can be run at a lower temperature,

avoiding hazardous reaction conditions; and (3) the crude SEX obtained

is contaminated with smaller quantities of DADN and HMX, making subsequent

purification easier.

1201
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A schematic of the reactor for the SEX synthesis is shown in
Figure 3. Approximately 17.0 kilograms of DADN was nitrolysized in

1.0 to 1.5 kilogram batch reactions, yielding 6.0 kilograms of a crude,

dry DADN/SEX/HMX mixture, which according to HPLC analysis consisted

of 18.0% DADN, 78.52 SEX and 3.5Z HNX. The following optimum conditions

were established during these production runs:

0 A single peristaltic pump cycled cold ethylene glycol (-150 to
-5*C) at a rate of 1.5 L/min through the mixer flask.

* Cooler lines were insulated to minimize heat losses.

* DADN feed batches were prepared by diesolving 1.5 kg of
DADN in 9.0 L of 100% nitric acid.

* DADN dissolved in 100% nitric acid and the 30% oleum
reservoirs were cooled in ice baths prior to mixing.

* DADN/100% nitric acid feed rates averaged 100 mL/min.

• 30% oleum feed rates averaged 30 mL/min.

* The ingredients in the mixer were gravity fed into the
reaction flask at such a rate as to maintain the liquid
level in the mixing chamber at 300 to 500 mL. ti

* The reaction vessel was maintained at 240 to 26 0 C (room
temperature) for approximately 24 hours. This was
accomplished by mechanical agitation and a room temperature
water bath heat exchanger.

0 The crude reaction mixture was poured onto 60 L of ice,
the precipitate was filtered and washed several times with
ice-water, consistently yielding 75% to 85% crude SEX
mixtures.

The crude SEX obtained by the method described above contained a

maximum of 25% contamination of DADN and HMX, in variable amounts.

Solubility, crystallization, extraction, complexation, and chromatography

were explored as potential purification methods. This effort culminated

in the development of two effective purification procedures. The first

requii d two successive chromatographic separations. The first,

hot-column chromatography of the DADN/SEX/H4X mixture, removed all traces

of DADN. The second, chromatography by preparative HPLC, separates SEX

and HMX, yielding 99+% purity SEX. However, because of the low solubility of
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SEX/HNX mixtures in nkitromath4na (approximately 3 g/lOO mL of eluent),
purification by preporative HPLC would require prohibitively long labor

times. The second method also required hot-colum chromatography

separation of the DADN resulting in 95% SEX. This material can be

further purified to greater than 98+2 SEX by recrystallization from

acetone. Although substantial amounts of SEX remain iu the acetone

recrystallization solvent system (approximately 50% recovery of 98+Z SEX

by this method), this effort has resulted in an effective and economic

purification procedure, yielding SEX of adequate purity for subsequent

toxicological testing.

Solubili: We determined that the major problem in the

DADN/SEX/HMX product mixture was solubility. The relative solubility

of the three components is DADN<SEXqCWX. Therefore, we examined the

solubility of DADN under a variety of conditions and solvents, since it

is the most insoluble component of the mixture, and its removal would

substantially increase the solubility of the remaining two components.
. ~The solvents used :In these experiments are listed below. In 10 mL of

each solvent was placed 0.5 & of DADN, and the mixtures were stirred at\

ambient tempera*ture for 8 hours. Since DADN did not dissolve in any of

the solvents, the mixtures were heated to 50-55 C and stirred for an

additional 6 hours. Since the DADN still did not dissolve, an additional

10 al of solvent was added to each test tube, and atirring was continued

at room temperature for 8 hours. Finally each test tube was heated again

to 50-60°C and stirred for an additional 6 hours. DADN was found to be

soluble fn 20 al of dimethyl sulfoxide (DMSO) at room temperature. Because

of the poor solubility of DADN, we decided to run the nit~ation reactions

41 (DADN-'SEX) for longer periods, to ensure minimum DADN contamination

of the final product mixture. We found that a smaller amount of DADN

in the mixture increased the overall solubility of the mixture. In turn,

the increased solubility made it easier to apply the mixture onto a

gravity-fed chromatographic column, thus enhancing the possibility oF

obtaining purified SEX.
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: d: OLVWTS USED FOR SOLUBILITY TESTS ON DADN

Acetic acid Methanol

heetic anhydride 1 ,-e thyl- 2-pyrrolidinone

Acetone 2-Mothoxyethyl ether

Acetonitrile Methyl ethyl ketone

AMinoethanol Nitrobenzene

4-butyrolactone Nitromethane

Cyclohexanone 2,4- Pentanedione

Diethylene glycol Pyridine

Dimethyl formmaide Suhiolane

Dimethyl 8ulfoxide Triethyl amine

Ethyl acetate Triethylene glycol

Formaside Water

Extraction: The low solubility of the crude SEX indicated that

purification might be achieved by soxhlet extraction. Extraction with

a variety of solvents on crude DADN/SEX/HMX mixtures, listed in Table 1,

showed that minor improvements could be made in the purity of SEX. On

the basis of the results shown in Table 1, ethyl acetate was selected

as the solvent for partial purification of SEX. It was evident from

runs 3, 8, 9, and 10 that H1.X and SEX can be partially revmoved from the

crude reaction mixture.

Ethyl acetate extraction of a mixture containing predominately

DADN and SEX (run 10, Table 2) indicates that the purity of SEX can be

increased by approximately 30%. Two major drawbacks still exist:

(1) the SEX is still contaminated by approximately 20% to 25% DADN, and

(2) the recovery of SEX is very low, approximately 20% to 40%. Although

the remaining DADN/SEX mixture can be re vcled, this possibility is

somewhat tenuous because HHX may form from the remaining unextracted SEX.

Ethyl acetate will preferentially extract HMX from a DADN/SEX/HWX mixture,

thus introducing this undesired contaminant. These results indicate that

the highest purity SEX to be obtained by extraction is approximately

( 80%. 1205
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It is postulated that cocrystallization of DADN, SEX, and HNX pre-

cluces further purification of SEX by extraction with ethyl acetate.

Furthermore, the cocryatallization of these three components precludes

the use of cantrifugation as a method of separation.

Complexation: HMX is known to form complexes with numerous

ketones,9` 1 ° amides", and aromatic substrates.1  'We postulated that M0C

complexes would sufficiently alter the solubility of HMX relative to

the SEX/HMX or DADN/SEX/HMX mixtures to allow preferential precipitation

of SEX or DADN/SEX. However, recrystallization of DADN/SEX/HMX mixtures

from nitromethane/cyclohexanone (cyclohexanone complexes with HMXO' 10 )

yielded mixtures still contaminated with HMX, as shown in Table 2,

runs 1 and 2.

When SEX/HKX mixtures were employed (DADN removed by hot column

chromatography on silica gel, discussed below) a significant increase

in the SEX purity was observed upon recrystallization from a 1:1 nitro-

methane/cyclohexanone mixture. Thus, 0.75 g of a 58/42% SEX/HMX mixture

K C: yielded 0.51 g (68% recovery) of 93/7% SEX/HIMX product (Table 2, run 4).

A 1:1 mixture of dimethylformamide/nitromethane favored p:eferential

precipitation of IMX (run 5) whereas nitromethane alone (run 3) produced

little change.

Although initially promising, sequential recrystallization from

nitromethane/cyclohexanone mixtures (Table 2, run 6 and 7) yielded no

advantage over pure nitromethane. The overall yields are low and the

purity still below 98%. Thus the process of complexation is not

appropriate for the purification of SEX.

Hot-Column Chromatography

Adequate separation of DADN, SEX, and H!1X was obtained on TLC plates

using a variety of polar eluents such as nitromethane, acetonitrile,

and acetone; however, column chromatographic separation was hampered

by the low solubility of the crude SEX mixtures. To overcome this

1207
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Table 2

ammu~u ori 0 een mu anm ommcmrm or m

1 1.0 14 44 42 Otjgwsbef 25 0.70 70.0 19.6 41.9 32.6

2 1.0 5 95 30 ultmmibme 30 0.50 38.0 9 42 29

3 0.75 - so 42 Ultgmgthaa 11 0.90 60.0 - "A. 33.9

1. 0.75 - 39 42 altto tbin. 5 0.51 0.0 - 93.3 9.7

3 0.75 so 4912 Wit-, tbms 2.3 0.60 60.0 - 37.0 63.0
DumthyltowmumA. 2.3

6-1 3.3 - 49 51 Nhtra.2bm is 2.45 74.2 - "4(60.0) 33(39.2)

-2 2.45 - 44 33 Witte=ik. 12.5 1.62 74.2 - 77(70.4) 23(29.6)
cyclahinaasm 12.5

-3 1.62 - 77 23 fit mthass 7.5 1.45 79.4 - 9o 10
cycle.maain. 7.5

-4 1.43 - 90 '10 Mitrawhbm, 7.5 1.10 75.8 - 92(87) 6(13)
Cycldh~mw. 7.5

-5 1.10 - 92 a Pumeoitbmae 12.5 0.65 77.2 - 95(93) 3(7.0)
Cyclabemom 12.5 .

Owv~al X yi.UAi 25.7

7-1 3.3 - 49 51 Nitratithea 10 2.50 75.7 - M8(39) 42(41)
)c~lohinemm 20

-2 2.50 - m9 42 Nitin tbme 7 1.90 79.0 - 70(70) 30(30)
Cyclcbzamaoý 14

-3 1.90 - 70 30 wftro~tbaa. S 1..3 72.1* - 63 17
Cyclob ae 10

-.4 1.38 - 53 17 fttrinthzmm 5 1.15 63.3 - 92(84) N(16)
Cyclobmomaem 10

-5 1.15 - 92 S Nit , theme 6 0.83 72.1 - 93(93) 17
Cyc2.obexamomm 19

0,.tull X yield, 25.1

%u~mpouitlo detendmd by protmi Oft$ amlytical MWC composti... to peremiebesi.
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problem, we attempted to separate the DADN/SEX/HMX mixtures by hot-column

chromatography. Table 3 shows the results of several hot-column

chromatographic trials. The column temperature was maintained between

900 and 100 0C by running steam through the system. Nitromethane was

selected as the elution solvent because (1) its boiling point, 103 0 C,

is high enough to avoid excessive internal boiling and (2) the solubility

of the crude DADN/SEX/HMX mixtures in refluxing nitromethane is approximately

5 g/100 mL, considerably higher than that of acetonitrile and/or acetone,

Thus, a 50-g sample of crude SEX (composed of 10.0% DADN, 86.6% SEX, and

4.0% HHX) was purified using a 3-inch diameter, 4-foot-long, jacketed

column, packed with 5 pounds of 90-200 mesh siliza gel. The results were

consistent with previous smaller scale hot-column chromatographic

separations shown in Table 3. The elevated temperature is required to

make purification of kilogram quantities of SEX economically feasible.

Preparative HPLC

After the SEX/HMX mixture is obtained from the hot column chroma-

tography, it is purified to 98+% SEX by preparative HPLC. Again, the

only limitation is the solubility of the SEX/HMX in nitromethane. How-

ever, since nitromethane is used in the hot column, the eluted SEX/HMX

mixture can be applied directly to the RPLC withoul further handling.

Commercially available, prepacked silica-gel columns were used to effect

separation. Thus, a SEX/HMX mixture with a solubility of approximately

1.0 g per 100 ml of nitromethane afforded 99.9+% SEX. Samples of

1 to 2 grams can be purified per injection, with a retention time of
15 minutes.

Crystallization"'

Recrystallization was first attempted on crude DADN/SEX/HMX

mixtures. The DADN rapidly precipitated from all solvent systems

examined and afforded nucleation sites for both SEX and HMX. The

precipitation accounts for observed low purity o SEX in samples

containing significant quantities of DADN. However, the products

obtained from the hot-column separations described above contain

little DADN (generally less than 1.0%). Thus, recrystallization

1209
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should be an effective method for separating the rematnin3 4% to 5%

IIMX, yie.ding greater than 98+% SEX. Also, recrystallization should be

more effective because IMX is more soluble in most solvents and is

present in such small amounts. Acetone appears to be the most effective

solvent for recrystallization (Table 4), yielding products whose

composition is consistently greater than 98% SEX. Large amuunts of

acetone are required (approximately 100 mL/g) and cryitallization is

slow, taking several days. The slow rate of crystallizatio" seems to

help prevent cocrystallization of HMX, and the purity increaL•a: .-

successive batches of crystals recovered over time. With this

Spurification method, i.e., hot-column cbromatography on silica gel

using a nitromethane eluent followed by slov recrystalli-ation from

I acetone, 98+% SEX can be obtained.
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Table 4 ( !

RECRYSTALLIZATION OF SEX/HtX MIXTURES

SmOuta AmoUnL b

Dissolved iRecovered Compositionc
Solvent (ml.) Z HH___. •BX X SEX X DADN

Nitromethane (30) 1.0 0.70 2.0 97.9 0.1

Acetor, 4trile (25) 1.0 0.85 1.4 98.6 0.0

Cyclohexannne (30) 1.0 0.70 1.2 98.6 0.1

Cyclohe)anone (20) 1.0 0.80 1.3 93.2 0.4

Dimethy sul foxide: 1.0 0.68 3.6 95.9 0.5
- stor (10:4)

'Dimethylsulfoxide: !.0 0.63 4.0 95.3 0.5
water (8.2:4)

Dhimethylsxlfoxide: 1.0 0.61 3.6 95.9 0.5
water (5:2)

Dimethylsulfoxide: 1.0 0.43 2.3 97.0 0.7
water (5:1)

Acetonitrile (25) 1.0 0.63 A.3 96.3 0.3

Acetone ( 2 5 )d 1.0 0.55 2.4 97.6 3.0

Acer-• (100) 1.0 0.52 0.8 98.6 0.6

Ace'. 2.7 1.47 0.8 98.6 0.6

Acetone (8c8,-. 7.4 4.0k 0.3 99.6 0.1

SAcetone (1700) 16.4 9.311 98.5 0.8

Acetoneg(1700) 17.6 8.2 1.3 , 0.5

Acetoneh (1200) 12.9 6.5 1.4 97.9 0.b

aTnitial composlzion 93.6% SEX, 5.9% HMX, 0.4% DADN.

bTotal amount recovered over 3-day reriod.

Composition determined by analytical HPLC.
" d~Concentrated down from 100 mL.

e Initial composition 95% SEX, 4.7% HMX, 0.3% DADN.
fn

Initial, composition 96.0% SEX, 3.2% HM9, 0.7% DADN.

h1nitial composition 96.1% SEX, 3.1% HMX, 0.8% DADN.

I~nitial composition 95.6% SEX, 3.2% I*VC, 1.2% DADN
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CHARACTERIZATION OF TAX

TAX appears sufficiently stable in normal nitrolysis media to exist

as a contaminant in RDX/)fMX manufacturing process. The characteristics

of TAX are as follows:

NOe

CH, a CHa

Structural Formula: I
03 N' _CH2  C-CH,

Empirical Formula: CsH*NsO,

Elemental Analysis: Calculated: C. 27.39; H, 4.11; N, 31.96

"Found: C, 27.45, 27.40; H, 4.14, 4.16; N, 31.75, 31.87

M4elting Point: 158°-159*C

Density: 1.675 g/cm at 21 0C

SMolecular Weight: 219 (Calculated)

Solubility: Soluble in acetone, acetonltrile, methanol, ethanol,
and nitromethane. Insoluble in trifluoroacetic acid.

Impact Sensitivity (drop weight test): Greater than 300 kg-cm compared

with 134 kg-cm for pure RDX. TX( is insensitive to direct strong hammer

blows. During our investigations TAX has not exhibited any impact

Infrazed spectrum: See Figure 4.

Proton NMR Spectrum: See Figure 5.

SChemic". Propnrties: TAX is destroyed rapidly by 96% sulfuric acii.

Purity: The purity of TAX was determined by analytical HPLC usingr

reverse-phase system with 30/70 methant-l/water elueoit, An incern- "

ot 1,3,5-trinitrobenzene was used with I/Rf values of 2,39 for Rl9X and 21

for TAX. Column chromatograohed TAX contained no detectable amounts of TRAT

(starting material) or RDX (major contaminanc of crude reaction mixtures).

Also, no othc.r contaminants were detected by HPLC, ensuring a 99.9+% purity of

material.

S1213
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C•ARACTERIZATIOM OF SEX

SEX appears sufficiently stable in normal nitrolysis media to exist

as a contaminant in RDX/HI4X manufacturing process. The characteristics

of SEX are as follows:

NO,I
Structural Formula: H20-N--L •

OaN4 N -C-CH%SH,,H2 --N-- &H,

Empirical Formula: C.a IIN70,

Elemental Analysis: Calculated: C, 24.57; H, 3.75; N, 33.45 I
C, 24.21; H, 3.76; N, 33.45

Melting Point: 237*-237.5 0 CDensity: 1.785 S/cm' at 210C~mI.

SMolecular Weight: 293 (Calculated)
Solubility: Soluble in dimethyl:ulfoxide. Slightly soluble

in acetone, nltromethane and acetonitrile. Almost
insoluble in ethanol, benzene, and ether.

Impact Sensitivity (drop weight test): Greater than 300 kg-cm

compared with 148 kg-cm for pure HMX. SEX is sensitive to direct strong

hammer blows. During our investigations SEX has exhibited no instability,

but because of the hammer results should be handled as a potential explo-

sive, like HMX.

Ifrared Spectrum: See Figure 6.

"Proton NMR Spectrum: See Figure 7.

Chemical Properties: SEX gives a positive Franchimont nitramine

reaction, but a negative Liebermann nitroso test. Decomposition in

hydroxide fails to produce free CHCOO for a lanthanum nitrate test.

1216

' r,+ ++++ + ++ + + ' + + r .. .. , : + • - +: 7 '+. . .



&AMPLE SPECMhU NO._ __

dlo

i1110
(.

I;o

I' 1217



-�- --- r-�--- I Ii
± � U

-� . .-- V1  
-� I

-. It

4�4� -1-h-i - F-

- �- -I
-'-I-t-- -'�-�.-�I- � I IA--

9 I
-

- -p � * +

I
i� I

4 �I*i*K� 2� � r�L 1121 - F

iLKffVL5i�lL L1� z IFIH'17 C �
nil ii

a

C
12ThI



' . ... "... . III I -. II~ ' ' -. ,w .- m y ' 'i, ,,- .

However, if SEX is decomposed in 962 sulfuric acid, the distillate gives

a lanthanum nitrate test.

SEX appears inert to boiling ecetic anhydride and unaffected by

treatment with amonium nitrate-nitric acid mixtures. Absolute nitric

acid at 50 0-600C converts SEX to HMX. Worn 70% nitric acid destroys

the compound rapidly, as does 102 aqueous sodium hydroxide and 282

ammonia.

Purity: The purity of SEX was determined by analytical RPLC with

a Spectra-Physics 3500B Liquid Chromatograph. A waters RCM-00, Cie

cartridge with a mobile phase of 80/20 water/methanol was used for

DADN/SEX/HHX mixtures. An internal standard of RDX was used with I/Rf

values of 1.5 for HM!X, 1.5 for SEX, and 1.7 for DADN. Hot-colum

chromatographed SEX contained no detectable amounts of DADN (starting

naterial) and only k% to 2% •MX (sole contaminant). High pressure liquidIt chromatographed material contained no DADN or HMX. Also, no other

contaminants were detected by analytical HPLC, ensuring a 99.9+% purity

of SEX.

CONCLUSIONS

TAX cit be prepared in kilogram quantities using a continuous

plug-flow mezhod. The major advantages of the method are the ease of

ccntrolling the reaction exotherm and the minimizing of the potentially

hazardous reaction conditions that resulted in two unexplained

detonations during initial experiments.

A method for preparing and purifying SEX was developed. Nitrolysis

J DADN with 100% nitric acid/30% oleum mixture consistently yields 75%

to 85% pure SEX, contaminated with from 2% to 5% HIX and 10% to 20% DADN.

This material can be purified to 98+% SEX by hot-column chromatography

using a nitromethane eluent, followed by recrystallization from acetone.

2.0 kilogrrms of 98+% SEX is currently being prepared by this method.

R,• response factor.,..q~1219

Iiý_19



EXPERIMENTAL PROCEDURES

Analysis Procedures for TAX and SEX

The composition of crude reaction products obtained from the

nitration of DADN, recovered, compounds from hot-column chromatography,

and SEX recrystallized from acetone was determined by HPLC. A Waters

system consisting of a pair of Model 6000 Pumps, a U6K Injector, Model

440 UV Absorbance Detector, Data Module and System Controller was used.

A Waters micro-Porasil column using a 50/50 Acetonitrile/ Methylene

Chloride eluent at a flow rate of 2 ml per minute was employed.

Under these conditions, baseline separation is achieved, and the entire

analysis of a sample requires less than ten minutes. Standard solutions

of each of the pure compounds, and a known composition mixture of the

three were injected to determine the retention time and the relative

response iactors for each component. The relative response factors

for the three compounds are: SEX-0.515; HMX-'0.430; and DADN-0.571.

By this method we can determine the percent composition of a sample
a with an accuracy of about two tenths of a percent.

1 3,5-Triacetyl-1,3,5-hexahydrotriazine (TRAT)6

Hexamine (10 g, 72 mmole) was added at room temperature with stirring

to acetic anhydride (41, 0.4 mole). A mild exotherm raised the

temperature to 35*C, after which the mixture was heated for 2/hr at 98 0 C.

The solution was cooled to 5*C, 200 mL of water was added, and the mixture

was stirred for 30 min. The solution was then reduced to a viscous

yellow liquid by vacuum distillation. Water (25 mL) was added, and the

mixture was cooled and stirred to induce precipitation. The solid product

was filtered and dried in vacuo over sodium hydroxide pellets, yielding

8.6 g (59.7%) of white crystalline TRAT, m.p. 91 0 -94 0 C (literature m.p.,

93 0 -96*C). Alternatively the residual water could be removed by azeotroping

Swith methylene chloride. 200-Fold increase in the amount of hexamine

(2 kg, 5.6 moles) afforded 1.07 kg (74.7%) of TRAT, m.p. 92 0 -94 0 C.

1 710



-I
1-Acetyl-3,5-Dinitro-1,3,5-fHexahydrotriazirne (TAX)

As an important caution, we note that during our investigations on
the preparation of TAX, two unexplained detonations occurred with no

forewarning. Injury to personnel was avoided because adequate safety

measures were in force at the time of the explosions.

Batch Preparation of TAX. The following preparative procedure, a

modification of that described by Gilbert et al.,' was found to be superior

to those described in the literature. TRAT (1.4 g, 7.0 mmole) and

trifluoroacetic anhydride (7.6 g, 36.5 mmole) were mixed at 15 0 C in a

flask equipped with a magnetic stirrer, dropping funnel, ind external

cooling bath. Nitric acid (3.0 g of 100% acid, 48 mmole) was added
dropwise with stirring and cooling at 15*-20 0 C. The cooling bath was

removed, and stirring was continued for 15 min. The solution was then

poured into 100 mL of ice water. The white precipitate was filtered and

dried in vacuo over P209 affording Q.95 g (58% yield) of crude TAX.

HPLC analysis of the crude TAX indicated a 94% composition of TAX rith

only 6% RDX as the major contaminant.

Plus-Flow Preparation of TAX. For this preparation, we usad a

four-necked, 35 mL flask equipped with a mechanical stirrer, thermometer,
condenser, two inlet tubes, and an overflow outlet located approximately

1.2 in. from the bottom of the flask. The apparatus was cooled in an

ice/water bath, during which time 27 g of TRAT (0.12 mole) dissolved in

144 g of trifluoroacetic anhydride was added at a rate of 1 mL min by

using a constant addition syringe. Simultaneously, 100% HNO was introduced

through the other inlet at a rate of 0.33 mL/min. The resulting mixture

was stirred vigorously and constantly overflowed into a 3.6-ft length

of l/4-in.-O.D. glass and FEP tubing immersed in water. The total volumetric

feed rate of approximately 1.33 mL/min corresponded to a nominal reaction

residence time of 15 min in the FEP tubing, neglecting gas evolution.

The discharge from the FEP tubing was immediately quenched into a ice/water

bath, precipitating the crude TAX. This material was then filtered, washed

with several small portions of ice water, and dried in vacuo over P203,

affording 17.1 g (63%) TAX.
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The material composition of the crude TAX as determined by analytical S'
HPLC was 90% TAX, 6.4% RDX, and 3.4% TRAT.

Purificatiov of TAX by Open Column Chromatography. A column packed

with 400 g of 90-200 mesh silica gel was charged with 8.4 g of crude

TAX dissolved in 35 mL of a 1:1 mixture of nitromethane:dichloromethane.

The column was eluted with the same" solvent mixture, and each fraction

(75-mL portlons) was examined by TLC. Fractions containing like

components were combined and concentrated. The first 500 mL of effluent

yielded 1.9 g of RDX upon concentration. After approximately 100 mL of

solvent containing no material, the major corponent, 6.41 g of TAX

(essentially quantitative recovery of material), eluted with the next

600 mL of solvent. Analytical HPLC showed this material to be greater
than 99.9.% TAX.

Elemental analysis: Calculated for C3HN 5 O,: C, 27.39; H, 4.11; N, 31.96

Found: C, 27.45, 27.40; H, 4.14, 4.16; N, 31.75, 31.87.

!,AcetŽl-3,5,7-trinitro-1,3,5,7-octahydrotetrazocine (SEX)

TFAA Nitrolysis. DADN (7.5 g, 26 mmole) was dissolved in 50 mL of 100% HNO0

at 20 0 C. With cooling (ice/water bath), 7 mL of trifluoroacetic anhydride

was added dropwise such that the temperature of the mixture remained between

150 and 20°C. At the end of addition, the flask was placed in a water bath

preheated to 35 0 C and stirred for 80 min at this temperature. The

mixture was then poured into ice/water and stirred for 30 mn, which

precipitated crude SEX. The crude SEX was filtered, washed with water,

and dried over P20, in vacuo, yielding 6.5 g (80%) crude SEX. Proton

N11R analysis of the product indicated the following composition:

38% DADN, 51% SEX, 11% HMX. To date purification of this mixture has

remained inadequate.

30% Oleum Nitrolysis. Oleum nitrolysis and D&DN (100.0 g, 0.138 mole)

was dissolved in 750 mL of 100% HNO3 at 20 0 C. With cooling (dry ice/acetone

bath), 165 mL of 30% oleum was added at such a rate that the temperature of

the mixture did rot exceed 25*C. At the end of the addition, the flask was

stirred at room temperature for 19.5 hours. The mixture was the. pcuY20
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into ice/water and stirred for 30 m.n, which precipitated the crude SEX.

The precipitate was filtered, washed with several large portions of water,

and dried over P2 03 in vacuo, yielding 42.5 g (.38%) SEX. Analytical HPLC

of the product indicated the following composition: 14.2% DADN, 84.0%

SEX, 1.8% HMX.

Purification of SEX. The crude SEX produced by the nitration of DADN

consists of about 75-80% SEX, 15-20% DADN, and less than 5% IiRX. Separation

of all three components was possible by TLC using nitromethane as the

solvent and silica gel as the stationary phase. However, neither ordinary

column chromatography nor preparative HPLC could be employed for preparative

separations because of low solubilities of crude SEX mixtures. However,

open hot-column chromatography using nitromethane did prove effective in

removing the DADN, and recrystallizaticn of the resulting SEX/HMX mixture

yields 98+% SEX.

The apparatus for the removal of the DADN consists of an aluminum,

steam jacketed column, 4 feet in length and 3 inches in diameter. A 1

L liter steam jacketed addition funnel was used as a reservoir for pre-
heating the nitromethane eluent. A water aspirator is connected at the

bottom of the column, and a 1 liter flask attached for collection. The

aspirator speeds up the flow of solvent but does not impair the separation

significantly.

Four and one-half pounds of silica are added to the column as a

slurry in nitromethane. The steam is turned on to preheat the column.

A 75 g sample of the crude SEX dissolved in 1800-2000 mL of boiling

nitromethane is added to the column. After the removal of the first

2 L of solvent, 750 mL fractions are collected. These are analyzed by

TLC, like fraction combined, and solvent removed. Collection continues

until SEX no longer appears on the TLC. In general, the first 5 to 7

fractions contain only !qMX/SEX, and fractions 8 to 10 contain SEX and DADN.

The recovered product consists of 95-96% SEX with less than 0.5% DADN

as determined by analytical HPLC.
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The SEX/HMX mitxture is then dissolved in a minimum of ref luxing

acetone and allowed to cool slowly. Precipitate forms over a period of

several days, removing most of the HMX yielding 98+2 SEX.

Elemental analysis: Calculated for C6H1 1 N,0,: C, 24.57, H, 3.75; N, 33.45

Found: C,24.21; H, 3.76; N, 33.45
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Radford, Virginia

Z c the recovery of acids from the nitration of toluene to TNT, it it
possible under certain conditions to obtain mixtures of nitroaromatic com-
pounds, primarily mono- and dinitrotoluene with nitrogen tetroxide (N2 04 )
and/or tetranitromethane (THM). Since these mixtures contain rather strong
oxidizers and a fuel, they have the potential of being highly sensitivc
liquid axplosives. Studies showed such mixtures are not exceptionally
sensitive to muchanical impact and friction or thermal initiation.
However, these mixtures at oxygen balanced proportions are extremely sensi-
tive to induced shock and are capable of propagating explosive reactions at
film thicknesses less than 0.5 mm. In the standard NOL card gap test,
oxygen balanced mixtures of N•)0 with nitrobody exhibited an attenuator
thickness of greater than 155 cm as compared to 3.8 cm for TNT.

Shock sensitive mixtures of N2 04 and nitrobody can collect in fume and
acid recovery operations. It is suspected that such mixtures were thecause of some of the explosions in TNT acid recovery operations in the past

which have been attributed to TN1.

INTRODUCTION

One problem associated with the recov ry of uitric acid from TNT spent

acids is the potential for forming sensitive mixtures of TNM or N204 with

nitroaromatics. When proper environments prevail, such as low temperatures
and process fluctuations, it is highly probable that sensitive mixtures cal
collect in weak nitric acid tanks and lines. Since these mixtures contain
strong oxidizers and a fuel, they have the potential of being highly sensi-
tive liquid explosives. Urbanski and other investigators describe the
powerful explosive that THM forms when mixed with nitroaromatics (Sprengel
explosives) (refs. 1-4). Prior to this study, past explosions in TNT acid
recovery had been attributed to TN4 (refs. 5-7) when, in fact, it is now
believed that some of these explosions were probably caused by N204-
nitroaromatic mixtures.

Because data were lacking, this study was undertaken to investigate
and define the relative ease with which mixtures of W204 or TNH with mono-
and dinitrotoluene are initiated by mechanical impact and friction stimuli.
Also, the relative shock sensitivity and explosivs propagation characteris-
tics for these mixtures were investigated in the standard critical diameter
and NOL card gap tests. Procedures and specific details for performing
these sensitivity tests are found in reference 8.

1226 0



The resultant data provide a sensitivity profile analysis for mixtures
of N2 01, or TMZ with xitrobody (iN) as a function of samle Composition.
Those data have applications for assessing the Initiation hazards and the
explosion potential for such mixtures in fume recovery and spent acid
recovery operations. Although 2-smonoitrotoluene (2-M) was used almost
exclusively in this livestigation, similar test results should be expected
of N2 0 4 or TNM in mixtures with any soluble nitroaromatic.

DISCUSSION

Initiation sensitivity

Individually, X-O or TUN are not sensitive to Impact or friction
mechanical stiluls. Thle is not surprising because both are strong oxidiz-
inb agents and should nat be expected to exhibit explosive characteristics
unless mixed with a suitable fuel. This is reflected by data in Table 1
vhiLh show N204 or TNM react (initiate) in the impact or friction test only
whev tested in combination with nitrobodies such as MHT, DNT, or TNT. More-
over, the mixture of M2 04 /NB or TNM/NB is more easily initiated than MNT,
DNT, or TNT. Although capable of initiation, the mixtures of N2 0 4 /N3 and
TNH/NB are not considered to be unduly sensitive to impact or friction.

Mixtures of TMi/NB are shown to be move easily initiated than mixtures
of N20 4 /NB. Reasons for the differences observed between the impact
threshold initiation limits for TSK and 1204 are not apparent and believed
to be attributed to sample volatility which is greater for N204 and which
presented problem i the friction test. If during testing the N204 was
vaporizing quickly, then the data for the N0 4 mixes are not representative
of oxygen balanced but are, instead, samples of unknown compositions whichcould explain data variability.

CP, llosive reactivity

Critical diameter tests conducted on mixtures of N204 and TNH with
2-MNT characterized the mix explosive reactivity as a function of composi-
tion and determined minimum dimensions to propagate an explosion. As can
be seen from data in Table 2, the explosive reactivity for the N2 04 /2-MNT
mixture is dependent on composition.

Using critical diameter as an indicator for explosive reactivity, one
readily observes a wide range where the mixtures propagate explosive reac-
tions at dimensions less than 6.4 mm. Individually, N204 or 2-MNT would not
be expected to react explosively. This is apparent from the composition
profile in Figure 1 which shows that 2-HT/N2 04 mixtures become increasingly
more reactive with addition of N204 oxidizer. When assessed on the basis of
oxygen balance, the data show that a wider range of explosive reactivity
exists for N2 0 4 /2-HNT mixtures which are oxygen deficient than for the
oxygen rich mixtures.

Testing of mixtures in which TIM was substituted for N2 04 yielded an
identical explosive propagation profile as obtained in the N20 4 /2-HMNT test
series (see Table 2). It is expected that substituting other nitrobody,
such as DNT, would yield a similar critical diameter sensitivity profile
analysis.
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The 1os thea 6*4 mn critical dimater exUbited by %O4/0 mad M
mixtures necessitated A tvestigating the atploesie propogation ehereeteris-
tics of these udxtures as thin film uoing the tesot arrangement shoum In
Figure 2.

Initial work was performed with TMU due to ease of handling versus the
extreme volatility of 3204-. An oxygen balanced mixture of THK and 2-MT at
a weight ratio of 79:21 was found to propagate am explosion at a layer
thickness lose than 0.5 me (see Table 3). At this layer thickness and
sample size (threo gram), the force of the explosion destroyed the test
vehicle. The data in Table 3 also reveal that similar reactions are
obtained at oxygen rich and oxygen deficient mixture ratios covering a wide
concentration rmuge. The above Information has particular applications for
assessing the explosion haard potential for thin films of N204/NO in fuNe
and acid recovery storage and processing equipment.

Sensitivity to Shock

The relative ease with which various mixtures of N2 04 /2-MOT are
initiated by shock stimulus was Investigated in the NOL card Sap test.
Oxygen rich, oxygen deficient and oxygen balaoncd mixtures were tested.

As data In Figure 3 show, a wide V2 04/2-IIIT veight-ratio range (80:20
to 10:90) is easily initiated by induced shock of two Pentolite explosive
pellets. However, only a very narrow veiSht-ratio range was found to be
extremely sensitive to shock, exhibiting a card Sap value > 155 ca. The
mixture composition exhibiting extrea= sensitivity to shock occurs at
oxygen balanced (72:28 2 04 /2-MOT); however, the shock sensitivity drops
off quickly for oxygen rich and oxygen deficient mixtures.

When compared on the basis of shock pressure in Figure 4 (ref. 9), the
relative shock sensitivity of thb N2 04/2-MT mixture (oxygen balanced) is
greater than molten TNT by a factor of a 190, i.e., > 155 cm versus 3.8 ca
card Sap value.

Hazards Analysis

The above sensitivity data for the 1u204 and TIA mixtures with nitrobody
provide hazard information only from the relative viewpoint that the com-
bustible response and reactivity to various stimuli can be compared on the
basis of processing mixtures and/or chemical and physical properties. To
quantitatively assess suspected initiation hazards and/or confirm the degree
of safety In TNT operations, it was necessary to cospare the data to the
magnitude of initiation stimuli to which these materials are subjected
during normal and accidental manufacturing operations. To this end, quanti-
tative assessmants vere made of various compressors and pumps where exposure
to TNH/N3 or N2 04/NB could occur. Also, study findings are used to show a
N2 0 4-nitrobody sensitive mixcure as the moat probable cause for an explosive
incident in the TNT spent acid recovery operation at Redford AAP.

A complete characterization performed of the TNT spent. acid recovery
operation revealed that accumulations of potentially explosive mixtures could
occur year round for most veather conditions. It was found that NB/N204
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ratios In process samples obtained at 10%C ad VC weather emdtims rs•gd
from o bal•wced (1:3) to oxyMen rich (1:17) to oxyge deficient
(1:0.02) mixtures. Chemical maalysis of process samples in Table 4 showed
a slilht Increae IAn the porce•ate of WS and W20 dissolved In the acid
sespls tested at temperatures of OC or below.

lecause the potential exists foe sensitive mixtures of N2ON/1 to be
present at the acid recovery tait, quantitative hazards studies (ref. 8)
were maed of equipment and operations to ensure that hazardous energy
potentials were not present. 0ae such analysis carried out was concerned
prImarily with evaluating the Initiation potential of oxidizer/fuel liquid
mixtures inder high rate, compression heating as might occur In various
pups and compressors.

Tests conducted in the fixture depicted in Figure 5 disclosed that
T4/WT mixtures are capable of being Initiated by compressional heating
and exhibit a threshold initiation compression rate of 9.9 x 106 kPa/sec.

Equivalent pressure rates of rise at onset for sample initiation ranged
from 9.9 to 11.2 x 106 kPa/oec (Tcble 5).

After initiation, pressure rates of rise generally Increased rapidly.
Application of these data for assessing the initiation potential for N204/NB
mixtures within the compressors and pumps listed in Table 6 show adequate
safety margins ranging from ' 17 to > 524. These assessments represent a
more severe case since realistic high rate compression conditions are diffi-
cult to achieve in this equipment even if the pump or compressor outlets
were operated closed. Other impact and friction potentials associated with
the spent acid recovery operation which were hazards assessed are reported
in reference 10.

Analysis of Incident

An explosion (ref. 10) occurred in the spent acid recovery storage tank
outlet line which feeds reclaimed weak nitric acid to the day tanks adjacent
to the nitration building. At the time, acid flowed by gravity from an
elevation of a 30 maters. Upon filling of the day tank, the closing of a
fast-acting valve produced a hydraulic shock followed by a violent reaction
at an acid storage tank some 122 meters avay. Prior to thi incident,
evidence on hand showed the spent acids being sent to the acid recovery unit
contained unusually high percentages of nitrobody and oxides in the acid.

Tetranitromethane was suspected at first; however, infrared &aalysis
shoved only traces of this compound present in a few of the many acid samples
taken from various locations at the acid recovery unit and the nitration and
purification buildings. Increasing evidence pointed to the presence of N204
because of plant process fluctuations prior to the incident and knowledge
that N204 can form sensitive mixtures with nitroaromatics.

Subsequent sensitivity tests were performed and confirmed both
laboratory-prepared N20 4-nitrobody-acid mixtures and TNT plant acid samples
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capable of explosive propagation reactions. Explosive reactions were ootee
violent in tests employinS hibh N2 0 1-aitrobody to acid ratios (ref. 10).

Calculations based on standard equations show the hydrauJic shock
could have transmitted a pressure pulse of a 83 bare in the line rt at the
closed valve face. A temperature rsee taused by adiabatic compression of
an air bubble was calculated to approach a 700C. Greater localized pres-
sure$ or temperatures could easily have existed for short durations due to

wave reflections and rarefactions within this system. Data obtained In this
recent study corroborated the earlier findings that the explosion was
attributed to the presence of an N20-nitrobody mixture. As cem be seen
from data In Figure 4, shock pressure versus card gap thickness predict that
an oxygen balanced H204/2-NOT mixture is initiated at less than 138 bars
when extrapolated to a gap thickness of m 155 cu. This low initiating shock
pressure approximates the calculated hamer shock pressure of a 83 bars
possible during the valve closing operation in the RAAP acid recovery weak
nitric acid tanks.

Processing changes made to eliminate or minimise formation of these
mixtures from acid recovery unit include (1) reducing the NM content of the
spent acid prior to acid recovery, (2) reducing the NOx content of the
cooler condenser acid through temperature control of this acid. and (3)
bleaching the $AR absorption product and recycling a portion of this bleached

acid through the tank which receives the cooler condenser acid and Nash
compressor acid, and (4) elimination of fast-closi valves in TNT operations.
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TA=E I

89alitivity IraItiatiou Characteristifcs

- Theshold Znitit# I 1

mixture~~ (Jfec x lO0-n _ra z a0 .4m

N2 04  V 22.4 - 131
N2 0/MNT 7.7 *
N204 /DNT 18.5 ,
N204 /TNT 11.8
TUM 7"22.4 • 131
TNKN/Mo 6.9 8

MNT 722.4 -131
WT 16.6 - 51TNT 8.4 36

'Mixtures oxygen balanced.
2 Level above which initiation occurs; 20 consecutive failure
level Indicated. (•) represents upper limit of test equipment
and/or test crite.ia.

*.ample volatility precluded testing on this apparatus.

SI
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TABLE 2

Explosive Propagation C•aracteristics for R2 04 /2-M and T04 Nixtures 0
Critical

Composi- Weight Dismterl' 2

tion_ Ratio ______Reaction

2-MNT/ 89:11 > 51 No reaction, w 48 cm of container
WN204 intact

80:20 25.4 No reaction, a 38 cm of container
intact

62:38 < 6.4 Explosion, container fragmented into
sm11 pieces

28:72 (OB)3 < 6.4 Explosion, container fragmented into
small pieces

7:93 < 6.4 Explosion, container fragmented into
small pieces

5:95 > 51 Decaying reaction, a 30 rm of test
container intact

3:97 > 51 No reaction, = 41 cm of container
intact

2-rNT/ 59:41 < 6.4 Explosion, container fragmented into
THM small pieces

21:79 (OB) 3  < 6.4 Explosion, container fragmented into
small pieces

7:93 < 6.4 Explosion, container fragmented into
small pieces

IDefined as minimum dimension above which an explosive reaction can be
propagated. Composition C-4 explosive donor having diameter equal to
the test sample and a L:D of 3:1 plus 2.54 m for blasting cap was
"employed.

2Confined in Schedule 40 steel and tested at = 16°C.'4 3Osxygen balanced mixz:ure.
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TAUlB 3

Threshold
Waight, OWWOc balance, thiCkOMMI S

2-)3IT/TMt 21:79 0 (ozyges balanced) < 0.551
7:93 +112 (excess) > 2.5

38,62 -42.5 (deficient < 2.0

Iftla thickness above which an explosive reaction can be propagated.

72 Five failures obtained at the no reaction leel at ambient temperature.

TABLE 4

N204, TMH and Nitrobody Found at Acid Recovery Area 1

Temperature RangeX ,o.
(Nc) N2 B, N , 204 /NB ratio Samples

AOP tower 10 0.00 - 0.03 0.4 - 1.2 0.0 - 1:20 10
0 0.03 - 0.08 0.91 - 1,3 1:16 - 1:30 6

Tanks 10 0.00 - 0.27 0.21 - 0.92 0.0 - 1:1 5
0 0.07 - 2.42 1.0!; - 1:1.4 - 1: 15 6

Cooling 10 1.33 - 3.0 0.33 - 3.38 1:2 - 7:1 5
condenser 0 1.43 - 3.46 2.48 - 3.51 1:1 - 1:1.7 3

SNash 10 0.82 - 2.15 0.13 - 2.59 1:2 - 16:1 5
compressor 0 2.16 - 2.53 4.02 - 4.18 1:1.7 - 1:2 3

Surge pumps 10 3.48 - 9.50 0.52 - 1.00 4:1 - 19:1 4
0 4.07 - 4.12 0.36 - 0.42 10:1 - 11:1 3

INo THt found; sample analysia was by gas chromatograph, titration and/or
infrared spectrophotometer techniques.
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2 0 AM
Pressure lateQ of Ritse

comowsitoR2 oxyrm balnce•a,
(2-•M/I .. ().....

21:79112 18.8

7093 +33 10.5 14.5

38:62 -38 9.9 27.9

ITest described in Unit Operating Procedure 4-29-9.

2 Weight percent ratio.

TABLE 6

Safety Assessment of Spent Acid and Funm PAccvery a !ups and ,Coressors

In-Proceso Threshold

Item Being Initiationi Potential Initiation Rate Safety
Assessed Mode (kPa/sec x 104. (kLasec x 10-4) Marmin

Nash High rate 2.1 1100 52,#
Conpressor compression

heating

Spent Acid High rate 7.9 to 64.5 1100 139
Pumps compression 17

heating

Weak Nitric HRig rate 4.5 1100 244
Acid Punps compression

heating

Residual High rate 4.5 1100 244
Acid Pumps compression

heating

1Ansessed for initiation of N204 or TH( mixture with nitrobody.
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HISTORY AND PRESENT ACTIVITIES O TME IIOWT-OLU AND GXUUAT9 0 OOMENTS ON UNDERGROUND NUWITXON STORAGE IN ROOK

Arnfinn Jenesen

Norwegian Defenoe Construction Service1 Oslo, Norway

o HISTORY

0 The Llotz-Club came about gradually. It all started when a
Sgroup of people in 1966 discussed the possibility to reduce

'the blast effect caused by accidental explosions in underground
ammunition magazines. Somebody proposed to use a gigantic blast
valve - in principle the same type of blast valve which for mmey
years had been used to protect air intakes and outlets of air
raid shelters from long duration nuclear blasts. At that time
this group of young people had no knowledge of a similar device

j !tested in France before the turn of the century /1/.

S Theoretical studies and experimental work were carried out in

Switzerland and Norway between 1967 and 1970. In May 1971 a
fast acting closing device - Klotz - was presented at a confer--
enoe in Koblenz, West-Germany. On March 8, 1972, Sweden,
Switzerland, the Federal Republik of Germany and Norway decided

to carry out a full scale proof test. The test was successfully
performed in Xlvdalen, Sweden, May 23, 1973.

On November 4, 1975, at a meeting in Stockholm, the four parti-

cipating KJlotz test countries decided to continue the fruitful

cooperation. This event could be called the birth of -the Klotz-

Club.

t• Later on the United Kingdom and the United States of America
joined the Klotz-Glub.

Details of the history and current terms of reference are found
In Appendix A.
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AC0 H I R V B M 9 NI T

The only Jointly financed project by the Klotz-club is the

proof test of the Klotz. Many other tests and investigations
have been coordinated in the sense that the need for informa-
tion and the possibilities and opport'anities to carry out
studies, and to undertake development and tests have been dis-
cussed whereupon the work has been divided between the parti-
cipating countries.

Many tests have been undertaken to determine the chamber
pressure in underground magazines and the blast propagation
in the branch and main passageway. Computer programs /2/
have been developed independently by the Naval Ordnance
Laboratory. For simple geometries the calculated gas pressure
is found to be in close agreement with results from model
tests. As an example results from a computer calculation are
shown in figure 1.

Tests and calculations showed that the pressure in the main
passageway of a connected chamber storage site could be in the
order of 10 MPa (100 bar) with a duration of seconds. In
order to prevent propagation of detonation from one chamber

to the other it was necessary to protect each individual
chamber with blast doors auc blast valves. Such doors and
valves were designed and tested and are now standard elements.
Some sketches of the design and some test results are shown

in figure 2 to 6.

The blast propagation outside the tunnel system was also
investigated using steel models and small "full scale" sites.
Some of the exit geometries investigated are shown in figure 7
/3/. The directivity of the emerging blast valve is depend-
ent on the detailed geometry of the tunnel exit and the
terrain close to the exit. Some results are shown in figure 8.

As mentioned earlier, the proof test of the Klots was carried
out in 1973 /4/. The result from the blast propagation out-
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3 ~aido the tutnel system is shown in figu~re 9.

Model tests of underground storage sites have also been

carried out by Ernst-Mach-Institute. Results from one of the
tests /5/ are ahown in fig 10. 7he difference in real estate

requirements for an above ground site and an underground site

with a olosing device is clearly demonstrated.

Based on data available up to 1974 the NDOS proposed the

following equation for the calculation of the 50 mbar distance

(d) outside an underground site with one main passageway and

idealized terrain around the exit:

d/D = F. p 0 0 ' 6 7 In, bar]

D = Diameter (m) of the main passageway

Po = Gas pressure (bar) in the main passageway close
to the exit

F Directivity factor. In the 00 direction F was
proposed to be 18. F for other directions can be
found from figure 8.

Similar equations have been proposed by others.

Although the possibility to calculate the blast propagation
in tunnel systems and outside has improved over the last
years, it must be admitted that the accuracy of such calcu-

lations cannot be compared with the accuracy of predicting

the blast propagation from charges detonated in the open.
This is especially true for complex geometries. Today model
tests are the only feasible way to get reasonably accurate

results for such geometries.

C"
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P R I S EN T A 0 T I V I T I E 3

The Klots-club has oome to the conclusion that the lack of
reliable quantitative data on fragment and debris hazards
caused by aocidental explosions in above and underground maga-
sines is the most serious safety problem for the time being.
Other bodies seem to have come to the same conclusion and
many papere at this seminar addresses this problem. the only
real Klotz-olub project today is a joint Swedish-Norwegian trial
dealing with the initial velocity of the overburden of under-
ground magazines in the event of an explosion.

At the seventeenth explosives safety seminar (1976), Mr
A D Rook Waterway Experiment Station, presented a paper /6/

entitled "Correlatition of quantity-distance and weapon-
effects debris hazards for underground explosions". He
found that the "safe" distances differed by a factor of ten
or more for the restricted cases on which loading densities

were about 1500 kg/m3 (Tamped charges). This difference is (
partly attributable to differences in scaling exponents.
The exponent 0.41 is used for underground ammunition maga-
zines (NATO) and 0.166 for weapon-effects research. Figure 4

from Rook's paper is reproduced here as figure 11. Mr Rook
also states in his paper: "Techniques of evaluating eJecta
distribution from weapon employment are fast approaching the
point where hazards can be expressed in terms of strike
probabilities and associated damage levels for various size
particles". The goal should be to reach that level of per-
fection also for underground ammunition magazines where the
loading densities are 1/10 to 1/100 of that for weapon em-
ployments. Due to the much lower loading densities the initi-
al velocities will be much lower for underground magazines
than for weapon employments. Initial velocities for differ-
ent scaled dephts and loading densities are presented in
figure 12. These are preliminary datae
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SHO W S H O U L D A N U N D E R G R O U N D
S~STORAGE SITE LOOK ?

for all ammunition storage sites the following aspects are
oruciaL and should be given due consideration:

. Operational requirements

* Safety requirements

. Cost

Operational requirements are many:

* Location

. Storage capacity

* Transfer capacity

.Handling equipment - size and weight

. Protection against enemy weapons

. Ready to use requirements

. Intruder/sabotage protection

Ease of inspection and maintenance

The aim of safety efforts are to protect people and property.

If the frequency of undesired events are sufficiently low and/
or the consequences in case of an event are small, then all
safety objectives are met. The following aspects should be
given consideration:

. The ammunition should be protected from all undesired
external effects.

. Humidity and temperature should be within certain limits.

. Handling conditions should be good.

1245



Maintenance personnel should be carefully selected, train-

ed and controlled.

The ammunition should be protected against actions by third

parties.

Ammunition sites should be located in such a way that the

consequences in case of an accident are tolerable.

The following should be included in the cost figures:

. Capital cost

. Maintenance cost, facility and ammunition

. Real estate cost

. Running cost

. Safeguarding cost

A sketch of an underground single chamber storage site is shown

in figure 13a and 13b.

In order to reduce blast and debris, the loading density should

be kept as low as possible. This can be obtained by mixing
different compatibility groups and hazard classes in each chamber

instead of putting all mass detonating ammunition in one chamber.

Modern handling equipment, large weapons and containers require

large doors. This requirement prevents the use of multiple

chamber storage sites because of the technical difficulties and

cost of designing large blast doors (100 bar). The chamber A

serves as a blast and fragment trap in case of an accidental

explosion and likewise if an enemy succeeds to guide a missile

into the main passageway. Conditions for handling operations

(loading and unloading) in chamber A can also be made excellent,

protected from adverse weather conditions and enemy actions.

rhe real estate requirement detprmined by the quantity
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distances can within wide limits be controlled by structural

means - fast acting closing device, volume of chamber A, con-
striations, barricades, etc.

The quantity distances according to NATO AC/258-D/258, for

an underground site as sketched in figure 13, are shown in

figure 14. The fast acting closing device is disregarded.
The AC/258-D/258 distances are only valid for a loading

density of 100 kg/mr. Distances based on other proposals

or regulations are shown in table I.

AC/258-D/258 states the following in para 234:

"Considering all possible variations in the layout and

terrain conditions from site to site, it is felt to be

quite impossible to present fixed figures for quantity-

distances based on the blast overpressure originating
from exit tunnels and ventilation shafts. It is therefore

recommended that model tests be conducted to determine

these distances and the effectiveness of any blast traps

and barricades provided at a particular underground
I storage site."

The cost per unit usable floor area for an underground site

is strongly dependent on the size of the storage chamber.
For small chambers (4 500 m2 ) the unit cost for an underground
site is often higher than for earth covered iglooa.
For large chambers the situation changes to the opposite.
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Appendix A

HI S TORICAL EVENTS

1. 1966 A faat acting closing device for underground
ammunition magasine is proposed during a meeting
in ZUrich between the Norwegian Defence Construc-
tion Service and Basler & Hofmann.

2. 1967-1968 Theoretical work/feasibility studies carried out
by Basler & Hofmann.

3. 1968-1969 Experiments with models of a concrete block -

Klotz - closing device and proof testing of
100 bar blast valves carried out by the Norwegian
Defence Construetion Service.

4. May 1970 Meeting in ZUrich between Gruppe fUir RUstungs-

dienste, Basler & Hofmann and the Norwegian

Defence Construction Service. Results from theo-

retical studies and model tests are discussed.

5. 17 December Meeting in Bern between Gruppe fUr Rlstungsdienste,

1970 Basler & Hofmann and the Norwegian Defence Con-

struction Service. Design and proof testing of a

full scale closing device is discussed.

6. 26-27 May Fast acting closing device (Klotz) presented at
1971 a conference in Koblenz organized by Bundesamt

fUr Wehrtechnik und Beschaffung.

7. Aug 1971 Meeting in 0slo between Basler & Hofmann and the

Norwegian Defence Construction Service. Results

from testing of 100 bar blast doors are presented.
Plans for proof testing of the Klotz are discussed.
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8. Nov 1971 Meeting in ZUrich between representatives from

Schweitz, Sverige, Bundesrepublik Deutschland

and Norge.

9. March 1972 Meeting in Stockholm between representatives

from Sverige, Schweitz, Bundesrepublik Deutsch-

land and Norge. Agreement is reached to carry
out a full scale proof test of the Klotz in

Sverige.

10. 23 May 1973 Klotz-test conducted in Xlvdalen, Sverige, by

the Royal Administratior. of Fortification.

11. 4 Nov 1974 Meeting in Freiburg, Breisgau. Participation

from Sverige, Schweitz, Bundesrepublik Deutsch-

land and Norge. Results from proof test and the

need for further testing are discussed.

12. 4 Nov 1975 Meeting in Stockholm. Participation from Sverig%

Schweitz, Bundesrepublik Deutschland and Norge.

It is decided to "stay together" and coordinate
research projects related to the storage of

ammunition. The Klotz-club is borne.

13. December Klotz-Club meeting in Thun. The sign of the
1976 Klotz-club is adopted (The flags of the four

countries arranged within the boundaries of the

Klotz seen from above).

14. September Klotz-club meeting in Oslo. Representatives from

1977 the United Kingdom and the United States are in-

vited to attend the meeting. The United KLngdom

becomes a member of the Klotz-club and the
Uniteý States an observer.
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15. November 1978 Klotz-club meeting in Bonn.

qW 16. October 1979 Klotz-club meeting in London. This meeting

was arranged more like an explosive safety

seminar. It was discussed if explosives
safety seminars, similar to those sponsored

by the Department of Defense FPxplosives

Safety Board, should be held in Europe.

Although travel funds limits the number of

attendees from Europe at the DODESB Explo-

sives Safety Seminars, it was not found cost

effective to compete'with the existing

seminars. It was therefore agreed that the

Klotz-club should focus on technical informa-

tion and trial planning exchange. This

should be achieved by a yearly meeting

between a few technical representatives

from the member nations.

17. October 1980 Klotz-club meeting in Bern. Terms of refer-

ence for the Klotz--club proposed by UK

approved.

18. October 1981 Klotz-.club meeting in Stockholm.
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KLOTZ-CLUB - Terms of Reference

he Club originated in the collaboration between the Federal Republic
of Germany, Norway, Swden and Switzerland to evaluate the potential of
a new method of limiting the external hazard from an explosion in
undergrud lltive storage facilties_ From the original collabo-

..-- in ~ an Informal techn f-1 in-f 6 exchange and col laboration has

grown up between the original participants and the UK. together with
the US Department of Defence, Explosives Safety Board as an observer.

2. The aim of the Club is to obtain an effective information exchange bet-
ween technical representatives of the member nations meeting together
from time to time to exchange information on explosives trials and acci-
dent data, and their inteP~retation and ap~lication. This will achieve

f.resl-rl-es in areas of mutual interest involving
"explosives in storage, processing and transport activitires.

3. Once a new programme of work is envisaged by a member nation, then this
may be presented to the other members of the Club for comment, so that
they may see where the new work would provide information of value to
the various national programmes. By this technical information and plan-
ning exchange the duplication of effort in the various national programmes
will be avoided. In addition the time scale as well as the cost of the
national programmes of explosives safety can be reduced. This passive
exchange of information would be envisaged as sometimes leading to act-
ive collaboration between members of the Club on specific investiga-
tions, such as the original ""lotz" demonstration in Sweden.

"4. The current areas of particular interest between the members are:

(.• (5) Explosives Quantity Distance data and prescriptions as
applied to manufacture and storage.

Structural responseto both internal and external explosions)

Risk Analysis
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Figure 13b

Underground Storage Magazine
for Ammunition and Materiel

1 Constriction 4m x 4m (trailer)

2 Debris & PGM barricade

3 Light steel door (intruder alarm)

4 Arch shaped concrete door 4m x 4m

(intruder alarm)

5 Plow shaped concrete door (4,5m x 4,5m)

6 Fragment trap PGM warhead and
warheads fired by saboteurs. (

A 18m x 30m A-m 1OOm 2 .

Blast & fragment trap,accidental explosions
Loading & unloading.
inspection & maintenance.

Blast trap PG missiles.

B 18m x 150mA"1OOm2 "Storage magazine

C Entrance tunnel 5m xom.

Volumetric Intruder alarm between 3 and 4.

D Passageway 6m x5m.
16
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NATO. AC/258-D/258t Part III

Table 2--111
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Table 1 50 mbar distances (W)
Table I 1.

Q/V.20 kjr/r. Q/V,23,5 k•j/m3 Q/V.70,5 ko/m3 Q/V-25,5 k5/lm5
Q A L Q AL Q AL Q A L

Safety 300 100 150 300 85 150 300 85 50 100 65 50
prinlciples/ 2 2 22
refi1lations Sector ton m a ton m a ton m M ton m m

AC 258 D5 1498 1648 2527 1362
NO/IWP
Table S 5 VIII 4 1331 1465 2246 1211

Pressure: ) 999 1098 !684 908
T.,AS T code

B D2 666 732 1123 605

D1 374 412 632 340

AC 258 D5 1044 1095 1417 911
Wo/IwP
Table S 5 VIII D4 928 973 1260 810

Pressure: D3 696 730 945 608
AkC 258

Table S 5 VI )2 464 487 630 405

A/AC-1/4 D1 261 274 354 22A

Tff 738 d 890 928 1241 558

KM- d 4 800 834 1115 502
proposal

d3 600 617 825 371

d2 390 400 535 240

dI 225 232 310 140

Swiss r(p) 2350 2670 4740 2070

Volume of chamber: 15000 ma Cross section of chamber: 85 m2 and 100 m2

Length of chamber: 50 m and 100 m Passageway: 16 m2

Length of passageway: 100 m
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P5 (Bar) B.LAST code calculations

Table I
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210 Pessure-time history at the
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150-j~
140 1 0=Q:300t,A:85myL:50m
130'- ,
120 -- Q100t,A-85rr?, L50 m
110 i
100-
90-1 ~ 2

70 - \)7

60.

40'
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(s)
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MODEL TESTS FOR UNDERGROUND AMMUNITION

STORAGE FACILITIES

Results from Joint Swedish-Norwegian Tests

Bengt E Vretblad

Royal Swedish Fortifications Administration

Eskilstuna, Sweden
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Within Scandinavia and in other countries underground storages are used (3
extensively for munitions. As the amounts of munitions to be stored

increase and the storages as a result from migrations tend to be closer
to populated areas improved risk assessment is necessary.

Within the Klotz-Club different efforts on evaluating and limiting the
external hazards from explosions in storage facilities have been made and

are being mode.

A pilot study in model scale to investigate the significance of strength
and mass on the breakage of underground munition storages has been started
in Norway and Sweden. Norwegian Defence Construction Service (NDCS) has

made tests with "poor quality rock" - sand - and the Royal Swedish
Fortifications Administration (RSFA) has been responsible for tests in
rock. The parameters studied were in the two series charge weight and cover
thickness.

TEST SPECIMENS(1

r3

The test series were made in 1/100 with a 0.002 m3 cylindrical chamber with I
a length/diameter ratio of 5. For ch3rges Comp C-4 and Comp B were used.
The charge weight varied between 20 and 200 g giving loading densities

between 10 and 100 kg/mr3 . Scaled cover thickness ranged between
0.25-1.0 m/kg 1 3. For the tests in sand the cylindrical magazine was made

of plexiglass.

The rock was of good Swedish quality Bohusgranit free from cracks. The
dimensions of the granit blocks varied with cover thickness. Minimum

weight was I t and maximum weight appr. 3.7 t.
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PERFORMING OF THE TESTS

The date from the tests in sand are taken from reference W1. In thesea tests the charges were placed in plexiglass magazines and then covered
with sand. Behind the magazine and parallell to it a board with a grid
net vies, placed to facilitate velocity measuremmnts from high-speed films.

In most of the tests LID for both the charges and the magazines was
* chosen to 5. For comparisons tests with different LID ratios were also
- included in the series. The surface of the sand was horisontal except for

the test S34-S39 where it was at a 200 slope from the axis through the
- magazine.

The magazine and entrance in the rock tests were drilled into each block.
A part of the drill core was reinstalled and cemented to the granite at
the rear end of the magazine.

Data on the tests are given in table 1.

Figure 1 shows the test set up with the charge on top of the magazine.
Also the rock tests were recorded with high-speed cameras.

Figure 1. Test set up with model in granite.
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Table 1. Test data. 1/
Event Q Q/V d d/Q1/ 3  v v/(Q/V)O'2 5

no kg kg/rn3  r w~k/Ig13  rn/s r/s/(kg/m$)0'25

IS 0,02 10 0,27 1,0 4,5 2,5
2S 0,10 50 0,23 0,5 20 7,5
3S 0,04 20 0,34 1,0 4,8 2,3
4S 0,20 100 0,29 0,5 22 7,0
5S 0,04 20 0,17 0,5 16 7,6
6S 0,02 10 0,14 0,5 13 7,3
7S 0,20 100 0,15 0,25 93 29,4
8S 0,10 50 0,12 0,25 80 30,1
9S 0.04 20 0,09 0,25 50 23,7
1OS 0,02 10 0,07 0,25 40 22,5
11S 0,10 50 0,46 1,0 6,2 2,3
125 0,02 10 0,54 2,0 2,5 1,4
135 0,20 100 0,58 1,0 6,2 2,0
14S 0,04 20 0,68 2,0 2,7 1,3
15S 0,10 50 0,46 1,0 6,1 2,3
16S 0.10 50 0,15 0,32 46 17,3
17S 1) 0,10 50 0,15 0,32 50 18,8
18S 2) 0,10 50 0,15 0,32 40 15,0
19S 3) 0,10 50 0.24 0,52 20 7,5
20S 1) 0,10 50 0,24 0,52 23 8,7
21S 2) 0,10 50 0,24 0,52 16 6,0
22S 3) 0,10 50 0,34 0,73 10 3,8
23S 1) 0,10 50 0,34 0,73 12 4,5
24S2) 0,10 50 0,34 0,73 9,0 3,4
25S4) 0,20 50 0,43 0,73 9,0 3,4
26S4) 0,20 50 0,30 0,52 23 8,7
27S5) 0:05 50 0,27 0,73 12 .4,5
• 28S6) 0,02 50 0,20 0,73 12 C5
29S4) 0,20 50 0,19 0,32 50 18,8 8S30S5) 0,05 50 0,19 0,52 23 8,27
31S6) 0,02 50 0,14 0,52 24 9,0

32S5) 0,05 50 0,12 0,32 42 15,8
33S6) 0,02 50 0,09 0,32 40 15,0
34S7) 0,10 50 0,12 0,25 55 20,7
35S7) 0,20 100 0,15 0,25 90 28,5
36S7) 0,04 20 0,17 0,50 14 6,8
37S7) 0,10 50 0,23 0,50 17 6,7
38S7) 0,02 10 0,27 1,0 3,9 2,2
39S7) 0,04 20 0,34 1,0 4,6 2,2

IR 0,04 20 0,16 0,47 12 5,7
2R 0,02 10 0,16 0,59 0 0
3R 0,20 100 0,16 0,27 60 19
4R 0,10 50 0,16 0,34 40 15
7R 0,10 50 0,21 0,45 22 8,3
8R 0,02 10 0,10 0,37 0 0
9R 0,04 20 0,10 0,29 21 9,9

lOR 0,10 50 0,31 0,67 9 3,4
11R 0,04 20 0,23 0,67 0 0
12R 0,02 10 0,08 0,29 0 0
15R 0,20 100 0,34 0,58 15 4,7
16R 0,20 100 0,26 0,44 30 9,5
17R 0,20 100 0,42 0,72 9 2,8 t .
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boom- I I I.

Notes

S indicates test in sand

R indicates test in rock

L/D 5 5 for charge and magazine except;

1) L/D - 25 for the charge

2) LID I for the charge

3) L/D = 5 for the charge

4) L/D = 10 for charge and magazine

5) L/D = 2,5 for charge and magazine

6) L/D = 1 for charge and magazine

7) Upper surface 200 from horisontal

C 1275

to I ;• : -.- ... . • ... ...... .



TEST RESULTS

Data from the tests in sand and corresponding tests in granite are found in
figure 2. From studies of these data can be concluded that for lower loading
densities the results from the two test series differ considerably.

Obviously the strength of the sand/rock material dominates over inertial
effects. As can be expected, however, with increasing loading densities the
differences between the data from the two test series can be explained by
differences in material density (- 1800 kg/m 3 for sand; -, 2600 kg/m 3 for

granite).

The scaling technique used in the test are discussed in reference /3/ and

/4/.

A relationship v/(Q/V) 0 "2 5 = C(d/QI/ 3 )-n can be found from the tests. For

sand a least-square fit gives C = 2.07 and n = -1.90. For rock the values
are C = 1.56 and n = -2.03. In order to investigate the sensitivity of
the data a slope angle of 200 and different L/D ratios for charge and
magazine were included in the test series with sand.

The results from the tests with a non-horisontal upper surface are given
in figure 2. The slope angle does not seem to influence the scaled
velocity to a high extent. f

Variations in L/D for charge and magazine are shown as type 1-6 in figure

3. Velocity data are given in figure 4. The differences between the
velocities for the geometries investigated are minor.

Even with a model in small scale the size of the rock block might be
considerable. Handling equipment set limits for maximum block size for
the granite tests. In order to decrease the influence of relations in the
side walls of the blocks sand was packed against these. The difference in
impedance between rock and granite could not be avoided however. In some1 of the tests cracking of the whole granite block took place, see figure 5.
As the overpressure from the detonation could not escape easily in other
parison between tests in sand and granite support this conclusion.

The tests indicated that for applications with higher loading densities

tests in sand might give a good estimate of the behavior in rock what
comes to initial velocity. Continued sand tests with different slopes of
the ground are planned.
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Tests in larger scales also are necessary.

It should be pointed out that maximum range for debris is depending not
k only on initial velocity but also among other things on initial direction

of movement and air resistance.

These data can not directly be taken from tests in sand to be used for rMck

material.
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Figure 3. Geometries of magazines for sand tests.
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Figure 4a. Scaled velocity vs scaled cover thickness for different L/D

ratios. Tests in sand.

1280



60- *- - - (La 5LIDI

, ~~~ 4 _ _. .... . .

10- - - - -

6-8 - • - - - - -

0.1 0.2 0.4 0.6 0.8 1 2 d/1
[r/kg1 ]

Figure 4b. Scaled velocity vs scaled cover thickness for different L/D

ratios. Test in sand.
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Figure 5. Granite block cracked after test.

1282

- rJ



Y r. .¶ r ~ .'" l" '. .. r' . r ..... f f. ..... .... r.. .. . . ... . . .......r' , ~ ' " T '. 'C ' ' ' l' " " ' ! l ,,,,in. . . . ..-

I S The paper gives data on model tests (scale 1:100) in weak rock (sand) and

hard ro ,'.-nite) mode in Norway and Sweden. Scale depths up to
I m • kg -I/ and loading densities up to 100 kg/m were tested.

For higher loading densities the tests in sand and granite gave conclusive

results eg mass vather than strength is relevant for debris velocities.

Scaled maximum velocity is given as a function of scaled depth. From this
maximum velocity debris range can be calculated.

Variation of L/D ratios for the charge had minor influence on maximum

velocity within investigated range

Additional tests at a larger scalnl:are lanned to validate data.
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series of trials using /24th linear scale moels or buried
Osgaines have boen carried out to determine the distance at which an
air-blast peak overpressure of 50 mb, normally identified with the
Inhabited Building Distance, would be produced on detonation of the
*tor*4 explosive. This paper presents the methods by which the
magesinas and explosives stores were modelled and summarises the
results obtained by investigating both structural eid overstrong models.
The paper conclude* that the 50 mb overpressure regi occcr6 at
a maximum distance of 6 Q6 for a structural model and 16 Q for an
overetrong model, where q is the weight of explosives in kXlogrammea.
This is in a direct line with the adit from the sagat.ine and is
considerably lower than the IETC prescribed distance of 30 Qi.-

INTRODUCTION

Yhen queries are posed concoyning explosives quantity limits or
the suitability of buildings to store explosives, it is very seldom
possible, on practical or economic grounds, to carry out full scale trial
to provide the experimental information with which to answer such queries.
Since this information is often essential and always desirable the only
way to obtain such data is to design nnd construct a model of the building
having the appropriate scale strength rind to carry out an explosive
detonation trial on this model structure.

It is also a most useful method of estziblishing the explojive limits
which can be applied to existing atructures, particularly when the
proposed use for the structuren is different from the original design
concept.

The Atomic Weapons Rene.arch Eutabliuhment at Foulness, Ensex, England
has, over many years, developed a considerable expertise in the field of

desiTninh and testing teodel otructureti. Ito rante of' interet has covered

such diverue eituation6 no occidenti.ý ini nucleair power stationn and
detonations in explosive storoge =nd procen6 buildings.

The ptiper is on account of a model trial carried out to determine the
explosive stor;.ge capacity of existin. underground magazines at a UK Service
site. The presence of residential breas aind public traffic routes very
severely limit the storage crapIAcity o0' these magazines if the normal burled
magazines storage rules are used. Thene experiments were carried out to see
if strict application of the rules (which are known to err on the side af
rafety) were justified in this particular case.
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DWCRITI0N OF KAGAZDNM

The eodating magasinea ocmprioe a raootangular shaped chafter with
0.69a (2•t 31n) thick ooncrete wells, the side weila being arteinfored aM

S4.98& (16ft 4 in) high, while the ond walls are reinforcoed with steel ber.m
The wvels are surmounted by a layered hgin*erin6 brick roof of parabolic
cross-sectional shape 5 brieke thick (4ft). This chamber is lined with a
114mm (4jin) thick brickwork liting_ whiah is stood-off from the ooncrete
walls by a distance of 0.42m (It 4jin). There are two types of . mAgaineo
with different lengths of useful storage chamber, these being a 44.?s
(114ft) "single.' magazine and a 78.3. (257ft) "double" mag.zine. Access
is gained through one end wall of a' chamber via a winding tunnel or adit
of not lees than 47m (154ft) or greater than 190m (622ft) in length, and
of a similar construction and cross-sectional shape to that of the chamber.
I!Each magazine is covered with a natural deposit of earth at least
15.2m (SOft) thick rising to nround 61m (200ft) thick. Table 1 summarises
the magazine descriptions. FigurelA is n diagrammatic representntion.

N TABLE 1

Single Magazines Double Magazines Access

To Outer To Inner To Outer To Inner Tunnel
Walls Walls Walls Wall$

"ross-sectiona
(roe

sq. metres 80 74 80 74 8.2
sq. feet 860 795 860 795 88.5

Len Eth

metres 35.7 34.7 79.2 78.3 47-190
feet 117 114 260 257 1,54-622

olume 390 to

cubic metres 2860 2560 6340 5790 1280
cubic feet 101,000 90,600 224,000 204,300 13,600 to

55,000

The current net explosive content of a double magazine deDends on
the type of weapon stored therein, which may be either 28,000 kg,
58,000 kg or 72,000 kg. These result in loading densities of 4.4, 9.1
and 11.4 kg/m.; when assumed to be contained within a volume of 6340.3.
If the effective volume is taken to be only 5790m3 then the loading
densities become 4.8, 10.0 and 12.4 kelm3 .
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The composition, strength and thickness of the magasla. erv*rV4re
ham not been deterlinod, and beoausm it would be ditfimut to simtlate
this in model sale trials, it in the adopted prastice at AWAN to:

a. Carry out at least three tests in an ovretrang model capable
of withstanding an internal explosion without fracture, thereby
allowing the blast to be expelled solely through the adit to produce
an unrelieved air-blast pressure field.

b. Produce and test one structurally accurate model with a
cohesionleas sand overburden which, on expansion and possible
cratering, affords relief to the adit emergent blast. As gravi-
tational forces cannot be scaled, although the inertia is correctly
scaled, relief through the overburden is somewhat increased.

The behaviour of a model in a scaled experiment should be similar to
that of its full-scale prototype when subjected to the full scale environ-

ment. The model should therefore possess the essential features and
phypical properties of the prototype. In deciding the scale to which
models should be built, the following factors should be taken into account:

a. Accuracy of response of the structure.

b. Minimum dimensions and tolerance of the structural sections
that can be produced having the correct scale strength.

c. Details necessary for inclusion to make test viable.

d. Cost of production and testing. (
e. Available manufacturing and testing facilities.

The first three factors favour a large model and the others a small model.
After consideration of these factors, a structural model scale of 1/24th
was chosen.

The overstrong model was manufactured from a 440 mm bore mild steel
pipe, which relates to a model scale of 1/23.2. This pipe was sealed at
one end with n heavy steel plate welded in position through which an offset
127%mm bore pipe was fitted to represent a scaled adit tunnel. A heavy
steel bolted flange and blank plate at the other end of the main pipe
enabled explosive charges to be loaded. When simulating a 'double
magazine' the internal length of the 440 mm bore pipe was 3430 mm and was
half this length when a 'single magazine' was investigated. The simulated
adit tunnel, being a straight, smooth bore pipe, 2030 mm long, was
intended to represent the shortest existing magazine adit, and it was
readily recognised that its straightness and smoothness would reduce the
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resistance to the flow of explosive products, thus enhanc1.S the air-
blast overpressuro/dintanoe relationship of the emergent blast wave.9• Figures 1 and 2 show the actual construction of the model.

The model was situated in a test environment comprising an array of

overpressure measuring gauges set in three rows, (see Figure 2A). The

first row of gauges were set in line with the axis of the aditoat distances

of 2, 3, 34, 6 and 12 , the second row along a line set of 45 to the

adit axis at distances of 14, 3, 5 and 10 m, and the third row at 90°

to the adit axis at distances of 4, 24, 4 and 8 m. As will be seen in

Figure 1, the model was restrained by heavy concrete blocks.

The structural model was a 1/24th scale replica of a prototype
'double magazine'. The base and side walls of the chambers and edit
were of unreinforced cement mortar, while the chamber end walls wore
reinforced with steel wire having the same cross sectional area as
that of the prototype. As the strength of the concrete within the
prototype was unknown, it was considered likely that such concrete
would be of 40.8 to 47.6 MPa (6000 to 7000 psi) compressive strength
therefore, the cement mortar used in the model had a compressive
strength of 41.7 MPa, with a standard deviation of I4Pa (6130 psi,
standard deviation 150 psi) at the time of the test. Past work on the
study of blast effects on model scale brickwork has shown that such
brickwork may be simulated by either a 'gap graded' or 'single
particle size' sand/cement mortar, and that Engineering bricks have a
atrenrth of not less than 68 mpa or 47.6 MPa (10,000 psi or 7,000 psi)

According to grade. It was therefore decided to simulate the
prototype layered Engineering brickwork roofs with a single particle
(5um) sand/cement mortar which, at the time of the test, had a

* compressive strength of 42.9 MPa, with a standard deviation of 2.5 MPa
(6300 psi, standard deviation 370 psi). The test arrangement may be
seen in Figure 2, from which it may be seen that an overburden of
building sand was maintained over the model at a scaled thickness
equivalent of 15.25 m (50Oft) and that the lateral boundaries of such
an overburden were contained within heavy concrete blocks. A similar
array of overpressure measuring gauges, as used during the overstrong
model trials, were employed.

Distributed explosive charger, were used in all the tests to

represent the distributed explosive stores in the magazine. Thq charges
donsisted of a series of 16 3g cylinders of RDX/TNT (60/40), each having
a Tetryl booster pellet inset into one end. Each cylinder had a hole
bored through its linear axis which enabled it to be threaded on A
length of Cordiex detonating fuse to form the completed explosive
charge. A second length of Cordtex was affixed to the mid length of
the Cordtex passing through the charges, this second length being
initiated at its free end by a single electric detonator. The chnrge

was situated within the model so that the centre of its longitudinal
axis coincided with the centre of the chamber cross sectional area. Two
of the charges used are shown in Figure 3.
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The full scale equivalent charge weights investigated were as
follows: -

Overatrong 'double magazine' - 24, 48, 72 tonne

(26.5, 53.0, 79.5 a tone).

Overstrong 'single magazine' - 11, 22 tonne
(12.0, 24.0 a tons)

Structural 'double magazine' - 80 tonne (88.0 a tons)

RESULTS&

Figures 4 to 9 graphically present the results obtained during the
overetrong trials (double and single magazines) from which it will be
seen that the air-bla.mt overpressure/distance relationship is of the form

-4/3
P = Constant x (D)

and the pressures along the axis of the adit are considerably higher than
in other directions. All results have been adjusted to a unit charge
weight equivalent of 1.00 kg by the cube root scaling law.

Figure 10 shows two 8 ms sequences from a cine recording of the
structural model trial from which it will be seen that little discernible
movement of the overburden occurs during the first sequence, which starts
from the time at which the fireball first appears at the mouth of the
adit, which in turn may be several milliseconds following detonation. (

Figure 11 presents the double magazine structural model pressure/time
history measured at 5 gauge points along the zero degree axis at distances
from the adit mouth of 2, 4, 7, 13, 25 m, from which it will be seen that
the duration of the positive phase of the blast wave is about 4 ms,
suggesting that the effective air-blast energ has been vented through the
ndit well before the cratering of the overburden. Figures 12 and 13
graphically present the acquired dnta.

The preliminary conclusions drawn from the foregoing trials are that
the air-blast overpressure/distance relationships for models of the
existing magazines are as follows;
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a, Overstrong 'double magazine'

D

P45O=

P9 0 o0= +ý

b. Overstrong 'single magazine'

2080

830
P450= 7-

• P~1)O= 6--
P 9 0 0 - -

D

I C. Structural 'double magazine'j !Pop 5D30

D4/3

Pa

1//3

Q
To determine the effect of any full scale charge weight

investigated, the above value of D should be multiplied by the cube root
value of the charge weight (kilogrammes) required.

From the overpressure/distance relatinnships for the model
magazines it is possible to establish the distances of the 50 mb
overpressure region in various directions from the model magazines.
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a. Overstrong 'double magazine'

Do =0 o Q

D450o = Q

D 0o = 3.5 Q7

b. Overstrong 'single magazine'

DI45o = 8 Q7

D 90 0 7 Qr

c. Structural 'double magazine'

Do O = 6 Q

D45 o= 4Q4

S90go 2 Q -Q

Where D = distance (metres), Q = explosive qunntity (kg).

Whilst the overpressure at a given distance from the 'double'
maazine structural model is approximately half that of the overstrong
model (and a similar ratio would be expected for the 'single' magazine),
it should be borne in mind that the cohesionleas overburden of the
'structural' model did not completely represent either the physical
strength or the normal gravitational field of the prototype. Although these
effects are thought to be snall, the 'overstrong' model results should be
used to give the most 'conservative' inhabited building distances.

The model trials should not be used to determine the precise distribution
and distance of debris which may be ejected from an explosion within the
prototype magazine, nor did the trials produce data on the magnitude of

-ground-shock.-- 4
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FIGURE I. DOUBLE MAGAZINE 'OVERST(ON'& MODEL,'
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A A SURVEY OF MODELS FOR PREDICTING THE GROUNDSHOCK OF ACCIDENTAL

EXPL.OSIONS IN UNDERGROUND STORAGE FACILITIES

by

Hans A. Merz, M.ASCE / SIA
- Ernst Basler & Partners

__Consulting Engineers and Planners
low Zurith, Switzerland

ABSTRACT

*bThe relible assessment of groundsiiock effects from accidental axplosions in

undergr..lnd storage magazines has become increasinqly important in Switzerland.

In order to th 'a' appj4;::!illty of existing groundshock prediction models,

Sa comparison Jels W. pertvu, Though each of the investigated me-

dels is based Qn the .,aluation of actual masv"'ments, considerable and so far

inexplicable differences have been found. For th- r :von, a new and more general

model based on all available data is required. The ivi.• gation and comparison

"of groundshock damage relationships has shown equally large !.'verncncies. A new

assessment of this problem is therefore necessary._

J\

Paper presented to

ý 4 Twentieth Explosives Safety Seminar, 24 - 26 August 1982
The Omni Hotel, Norfolk, Virginia, USA
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INTRODUCTION

In Switzerland, considerable part of the ammunitlon is stored in underground

magazines In rock. The prediction of the effects of accidental explosions in

such magazines is, therefore, of great Importance. This importance is, further-

more, stressed by the fact that the safety of anmmunition magazines is generally

assessed on the basis of quantitative risk analysis. In order to predict the

damage from accidental explosions for each storage location, reliable data on

all explosion effects are necessary.

The groundshock from accidental explosions which can cause the collapse of near-

by underground or above-ground structures or which can induce rock and land

slides is a negligible effect in many cases of underground facilities. Many of

the existing storage facilities are situated at remote locations where the

groundshock will not cause any significant damage to persons or structures.

However, for new installations these explosion effects have become increasingly

important.

New installations in Switzerland are normally equipped with a self-closing block

device at the storage chamber entrance. This particular safety measure, developed

and tested in collaboration with other European countries, will seal off the stor-

age chamber in case of an explosion and retain the explosion products in the

chamber. In such cases, the groundshock is the only significant effect felt in

the vicinity of the facility. Since this safety measure allows the location of

storage faciliti'% iF a much more immediate proximity of inhabited areas, a more

accurate assessment 0- the groundshock effects becomes necessary,

As a consequence, a special investigation has been started in order to imlprove

the quantitative models for the prediction of the groundshock from explosions
in underground storage facilities, This paper discusses some of the remarkah'.

results so far obtained; however, without going into the details of the models.
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REQUIREMENTS FOR A MODEL TO PREDICT GROUNDSHOCK DAMAGE IN RISK ANALYSIS

f •iIt is a well-known fact that the prediction of groundshock damage from acci-
W dental explosions in underground storage facilities is a complicated problem

and that a large number of parameters may be of Importance. On the other hand,

it is an equally well-known fact that, in the course of a risk analysis, it is

usually not possible to perform extensive numerical analyses or to use sophisti-

cated methods for investigating the groundshock problem. This leads to the con-

clusion that for the purpose of risk analysis a simplified model for the predic-

tion of groundshock ý'amage is necessary. Though simplified, the model must satis-

fy the following requirements:

- It should be based on a meaningful physical explanation of the groundshock

phenomenon and should consider all available data on this effect.

- It should take into account all important parameters and allow a physically

consistent treatment of different situations.

- It should predict the damage with roughly the same accuracy as the damage
prediction models for other explosion effects.

Based on these requirements, a survey and a comparison of different groundshock

prediction models was performed with the goal of finding or developing the most

suitable model for the purpose of risk analysis. As it will be shown later, a

number of inexplicable differences was noted, which finally lead to the con-

clusion that a new model based on original data of groundshock measurements is

required.

'maw
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SURVEY AND COMPARISON OF GROUNDSHOCK PREDICTION MOO LS

In a somewhat simplified way, all of the models on groundshock prediction of

underground explosions found in the open literature can be attributed to one of

the four basic cases shown in Figure 1. These cases differ in the charge gRomi-

try (spherical / stretched) and the ratio of chamber size to charge size (cou-

pled / decoupled) and define the spectrum of the basic geometrical configura-

tions of the problem of interest.

Based on an assessment of all models and investigations found in the literature

for each of the defined basic cases, four models have been chosen for the fol-

lowing comparison:

Case 1: Spherical, coupled charge: Model by Westine (1979)

Case 2: Stretched, coupled charge: Model by Westine (1979)

(no other model available)

Case 3: Spherical, decoupled charge: Model by Atchison (1964)

Case 1: Stretched, decoupled charge: Models I and II by US Army, Engineer

Waterways Experiment Station (1974, 1979)

In order to investigate and compare the mutual consistency of the models, twG

different approaches were chosen:

1. Overall comparison by reducing all models to the case of a spherical, coupled

charge

In order to make a comparison possible, it was necessary to slightly modify

and simplify the existing formulas.

the results of this investigation are shown in Figure 2. The comparison de-

monstrates a remarkable coincidence between the models by Westine (spherical)

and Atchison, and an equally remarkable deviation between the models by WES

and Westine (stretched). Though this type of comparison might not be correct

in every respect, it indicates that the models described by Westine (stretch-

Sed) and WES II - which, by the way, are most closely linked to tt'e situation
of underground storages - have a limited range of validity.

01
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2. Comparison of the model parameters

In this approach, it has been investigated how the various parameters affect

the groundshock intensity in the different models. The results of the com-

parisons for the influence of the stretching of the charge, of the decou-

pling (or loading density) and the seismic velocity of the ground are shown

in Figures 3 to 6. Without going into the details of these diagrams, it can

easily be seen that there are marked and hardly comprehensible differences

between the various models. Seismic velocity demonstrates this evidently.

There, the extremes range from almost direct proportionality to almost in-

verse proportionality. These discrepancies indicate that, today, an overall

and general model for the prediction of the groundshock, from which the

above-mentioned cases can be derived, is missing. Though all the models are

strictly based on actual measurements of the groundshock and on a scientif-

ically sound evaluation of the data, they cannot all be used in this form

for the development of a reliable general model for the groundshock predic-

o . tion

These findings point to the necessity of reconsidering the groundshock problemS• from scratch. It is our intention to work out a more general groundshock predic-

tion model, based on a model analysis and all available data.

SOME COMMENTS ON GROUNDSHOCK DAMAGE RELATIONSHIPS

For the purpose of a risk analysis, it is not only necessary to assess the in-

tensity of the groundshock, but also the damage to structures and, ultimately,

the lethality to persons.

With respect to groundshock damage relationships, a large number of data from

various sources have been compared. Equally large differences have been found

between these data as they were observed in the groundshock prediction. The rea-
son for these differences has been found to be the purpose for which specific

data were prepared. As an example, data for commercial blasting are usually con-

servative and intentionally on the safe side. For data developed in connection

with weapon effects, just the opposite might be true. In such cases, the damage
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is usually underestimated In order to make sure that a desired dmage actually

occurs.

The findings with respect to groundshock dmage relationships also point to the (

need for developing now, unbiased criteria based on an evaluation of original

data pertaining to this problem.

CONCLUSIONS

The reliable assessment of groundshock effects from accidental explosions in

underground storage magazines has become increasingly important in Switzerland.

In order to examine the applicability of existing groundshock prediction models,

a comparison of such models was performed. Though each of the investigated models

is based on the evaluation of actual measurements, considerable and so far in-

explicable differences have been found. For this reason, a new and more general

model based on all available data is required. The investigation and comparison

of groundshock damage relationships has shown equally large divergencies bet-

ween various criteria. A new assessment of this problem is therefore necessary.

The author is grateful for any information related to this subject which might

be of help in developing a new and more general prediction model for ground-

shock effects caused by accidental explosions in underground explosives and am-

munition storages.
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Figure 1: The basic cases of iniereet in the prediction of the groundohock
from accidental explosions in underground storage facilities
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Spherical, d•coupled charges

Atchison 15 1 0.4 r )-2.0 Atchison: "Effect of Decoupling on Explosion-
Generated Strain Pulses in Rock*, Bureau of
Mines, 1964

Stretcl.d. decoupled charges

0.74 7 rH . 2 2/3 J.L. Drake: "Decopling of Ground Shock fromV !( rI Explosions in Rock Cavities". U.S. Army En-

I * "S__ gineer waterways Experirent Station, 1974
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,Underground Magazines", U.S. Army Engineer

Waterways Experiment Station, Draft 1979
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Table 2: Models for Groundehock Prodiction used for Comparison

Legend:

V maximum particle velocity in m/3

r =distance from charge in m
Sk aequivalent radius of chamber
rL length of charge in m
L length of chamber in m
Q charge weight in kg
Yj = Q/v = loading density in kg/m3
c seismic velocity in m/s
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Figure 3: Comparison of ir'oundshc'ck Model's by Reducing to the case of a* I Spherical, Coupled Charge
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CONSEQUENCE ANALYSIS FOR A ROCK UNDERGROUND EXPLOSIVES
0" STORAGE WITH INSUFFICIENT OVERBURDEN.

Per Wollert Johansen
DYNO INDUSTRIER A.S

Gullaug, Norway

Paper presented to
20th DoD Explosives Safety Seminar
24th - 26th August 1982
Norfolk, Virginia, USA.

Abstract

A consequence analysis was performed to determine how
much explosive could be stored in an underground rock
storage. Consequences from shock pressure and from
debris were determined and expressed as group risk. An
aversion function was used to give the subjective group
risk which was the basis for decisions.

The storage is situated in a populated area and several
groups of objects were analysed for exposure.

The individual risk for the persons at highest risk
was estimated
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INTRODUCTION.

This presentation demonstrates one way to assess the consequences

from an exploston in a rock underground explosive Storage.

The situation before the analysis was based on a permission to

store 100 ton of explosives in the storage. By means of risk analysis
we wanted to find out how much explosives that could be stored in

the future.

The Storage contains mainly gelatinous Dynamite with a TNT eouivalent

equal to one.
The Storage is situated inside a cliff thatSaopes about 70" up from

the sea. Access to the rock chamber is through a short tunnel coming

in from the side. Figure (1),show a drawing in three dimensions of the

situation. The overburden in front of the Storage is only about 6

meters, and would certainly not be able to contain an explosion.

When this rock chamber was built almostforty years ago, two small

tunnels were driven from the chamber to the front of the cliff in order

to give some relief in case of an explosion.

The dimensionsof the Storage, built of concrete inside the rock chamber,
are

Length - 13 meters
Width = 11 meters

Average height= 4,5 meters

which gives a total volume of about 650 m3 .

The analysis is divided into three main parts. The first part is the

effect analysis that primarily describes the effects from air blast and

debris on people in different situations, The effect analysis establishes

risk zones with different probabilities of fatality, to exposed persons.

The second part is the analysis of exposure which investigates the vtulnera-

bility of the people who may be effected by an explosion in the Storage.

Taking into account the lethality, the number of people present, the

causal ity, as well as an aversion factor, the subjective group risk is

determined.

In the third part the individual risk for the person at highest risk is calcu-

lated, and this together with the group risk compared to criteria for C
Lacceptable risk. 1322
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The methodology for doing this analysistas developed by the
Swiss consulting firm Basler & Partners, previowsly namd

Basler & Hofmann. (Reference 1,7)

Dyno Industrier A.S has adopted the Swiss methods and to a certain

extent their criteria for acceptable risk.

Our own philosophy is to do risk analyses with the required accuracy

necessary to make a correct decision. If a first approximate analysis

shows that the levels are well within the accepted limits, no further

detailed work is undertaken.

EFFECT ANALYSIS.

Crater dimensions:

The formation of a crater in case of an explosion in a rock chamber

is primarily a function of quantity of explosive Q, the chamber

volume V, the overburden h, and the geology of the rock.

There are several ways given in the litterature to calculate

crater dimensions. None of the methods takes into account the

decoupling effect from the air space surrounding the explosive, and

are therefore regarded as conservative estimates.

The reported results from modeltesting of cratering show a high degree

of scatter.

The method used to get an idea of the crater dimensions is taken from

reference (3).

The following equations are derived:

True craterradius: r(O) = 8 • QI/3  (m,t) .. - I
True crater depth: d(Q) - 5 • Q 0.4 (m,t) .. - 2

where Q is tons of explosives.

The craterradius is parallel to the surface which, in this

case means along the slope of the cliff. The craterdepth is perpen-

dicular to the craterradius. (Figure 2).

For 35 tons of explosives the true craterradius is estimated to be 26 meters.

The true craterdepth is estimated to be 21 meters.

1323
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Analysis of crater eject& characteristics show that debris will not be
ejected at angles of less than AO from the edge of a hidOr1: -6i~ crGe
If these results are used on a crater In a cliff s....g 700, w find(
that no debris will be ejected uphill from the crater.
This makes sense since such a steep cliff outside a rock Storage very
much simulate a regular one hole rock blast.

If an explosion in the underground Storage takes place, there will be
a suddtn rise in pressure inside the rock chamber. The pressure will
work its way out the tunnels and than break away the rock overburden.
In this analysi3 both the relief effect from the tunnels, and the
pressure/debris effect on the surroundings from the tunnels are assumed
to be negligible. The reason being that there is very little over-
burden compared to the quantity of explosives, and that the possible
effects from the tunnels on people in the surroundings will be very
small.

The blast wave from the explosion will propagate outwards in an expanding
sphere.
The debris from the crater will be ejected in front of the Storage.
Part of the crater will develop under the sea level. Our very conserva-
tive assumption is that this does not influence the pattern of the falling
.deblts,

Ejecta from a horizontal crater can be divided into two zones.
The inner zone begins at the crest of the crater and stretches to the
outer crater lip.
The outer zone begins at the outer crater lip and reaches to the maximum
debris throw distance.

In this analysis it is assumed that all persons present in the inner
zone will have a probability of death equal to 100% in case of an
explosion.

The extent of the inner zone can be calculated by means of an
equation from reference (6).
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RK (Q*vsh) 1,35 [N2 . 1,42 h (h - 1,7 • h)] O. .s 3
'0 where

RK a Radius to the edge of the outer crater lip. (m)

ho W overburden to contain the explosion

- 13,9 • Q4/90. v-/9 (m)

Q - TNT equivalent quantity of explosive (t)

V - Volume of rock chamber (W3)

h - overburden (m)

For 35 tor of explosives the inner zone has a radius of about 48 meters.

This means that the Dyno employees that spend part of the day at the
Storage will be killed if they are present at the time of an explosion.
There are normaly one or two people at the time working at the Storage
site.

The Consequence analysis is primarily directed towards the risk for
( 3rd parties.

Debris from the crater:

The parameter that is used to calculate the effect of debris on the
objects in the surroundings of the Storage is the socalled debrismass-

2density 6 (kg/m2).

From reference (4) the following equation is basis for calculating 6

6 (Q,R,h) - 0 * A * Va1 / 3 . r 2 9 4 . R"2, 9 4  *, - 4

where
P - density of overburden

Va = apparent cratervolume
ra - apparent craterradius

R - distance from explosion

The coefficient A depends on depth of burial and quantity of explosive.0
1325
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For a decoupled rock chamber Basler A Hofmann 6"ve derived a special

equation for A.

A(Qh) - -0,037(h/QSI 16 - 1,13)2 + 0.059 .o 5 0
Equation 4 can be simplified to:

6(Q.R) - w(Q) - ..R- 6

w(Q) is calculated for this particular storage for at least two quantities

of stored explosives. Now we can make a characteristic diagram that
allows us to determine 1(Q) for different quantities of explosives.(figure 3)
The aplarent craterradius and cratervolume is determined from figure (4).

For 35 tons of explosives this simplified formula can be used to deter-

mine the debrismassdensity

6 a 4,2 x 107 . R"2 , 94  .. 7

Influence of the terrain:

The explosive Storage is situated Just innside a steep cliff wall

sloping 700 towards the sea.
This has an influence on the scatter of debris from the crater. The

equation 7 is based on a crater in horizontal rock. Analysis of (9
debris throw from the crater show that the angle of throw of debris at the
crater edge always is more than 300.

If this fact is applied to a crater in a 700 rock slope no debris will

be thrown in the upphill direction. It also implies that more ejecta
will go further in the downhill direction.

Analysis of two models based on debris throw distance.and mass of debris

in eJecta sectors,show that the downhill throw distance of debris will be
about twice that of the debrismassdensity from a horizontal crater.

By means of a diagram that show the relationship between lethality and
debrismassdensity it is possible to find the probability of death at

a given distance from the explosion.

The curves in figure (5) are from the Swiss regulations for Storage of
amunition. (reference 6, 7)
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Five risk zones are Wfined:

Zone Range of lethality zones Lethality Zones X

1 100 % - 75 % 100 %

II 75 % - 30 % 50 %

111 30 % - 5 % 10 %
IV 5 %- 05 % 1%

V 0,5 % - 0,05 % 0,1%

It is now possible to plot the risk zones on a map.

AIR BLAST FROM EXPLOSION.

The effect from air blast depends on pressure and impulse. The

influence from both these effects can be expressed as P and

P 5/ 3 . tip, depending on the type of object that is exposed to the
blast wave.

The overpressure from the explosion is calculated according to the

following equation. (Reference 6.)

P(Q,R,h,V) = 69,2 •(1 - h/hK)16/ 9  Q4/9 . R-4/ 3  .. - 8

P peak side on overpressure from air blast (bar)

hK= 9,7 . Q4 / 9 . V-1/9 ()
R = Distance from crater center (W)

For 35 tons of explosives the equation simplifies to:

P - 196 R"4 3  
- 9

By means of thtis equation and a diagram (figure 6) showing the relation-

ship between the lethality and side on pressure on people in buildings

or open air, a set of risk zones can be plotted on a plan.
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In the case where P5 '3 tip best describes tie re wlatl O's'p the fohdwng

equation is used:

P5/ 3  tjp(Q,R,h,V) a 2620 -(1 - h/hK). 2 R-|,5  .. - 10

which simplifies, for this storage and Q - 35 tons, to

PS/ 3 
' tip " 5,8 104 R 1 5  .. - 11

where
tip duration of impulse - 2 Ip/P
Ip impulse density of overpressure

From figure (7) the risk zones can be constructed for objects that are

influenced by p5/ 3 •tip.

Ground shock:

The effect of ground shock is negligible compared to the risk from the
air blast and the debris ( reference 8).

Construction of risk zones: c j
The risk zones from debris and air blast concerning one and the same

type of exposed objectare plotted on the same I0lan.(figure 8, 9, 10)

People inside buildings, people inside vehicles and people in the open
air are considered in the analysis.

The debris zones are plotted as eclipses and the air blast zones as

circles.
WIv,,- the zones overlap the one that represents the highest risk level

is tOe one which counts. In the case that two zones of the same risk level

overlip the risk will be the sum of the two zones.

ANALYSIS OF EXPOSURE.

The analysis of exposure investigates how many people there are in the
risk zones at different times. We cnsider people inside buildings, in

open air and on the road in cars or busses.

1328



The buildings in the surroundings of the explosive Storage are classified
as summerhouses,dvdling houses and industry & commerce. People in
buildings and open air were considered in three situations:

- normal working day situation 1

-evening and night 2

- Holidays and weekends 3

The people in vehicles were considered in five situations, mainly
to take into account the different traficloadings on the road during a
24 hours day.

For each situation an average presence factor (PF) was assumed.
The product of the lethality, the number of people and the presence

factor was calculated for each situation and group of objects. (figure 11,12)

These products were added for each situation to give "extent of situation"
As, which was multiplied by "part of event" Xre1.
This gave for each situation a socalld objective risk. The sum of

-, objective risks is equivalent to the expected number of deaths in case
of an explosion.

Xrel takes into account the fact that the probability of an explosion

varies over the day. For this storage it is assumed that 60% of the
explosions would take place during working hours when the explosives are

handled and the storage is open.
In a case where no explosives were stored part of the day or year, the

Areiwould be the factor which took this fact into account.

The objective risk is for each situation multiplied with an aversion-

factor

S 2As/5 for As 20

which gives the subjective risk, Re, also called subjective group risk.

The total subjective risk is the main basis for making a decision of how

much explosive to store in the Storage.
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The risk for any specific person in case of an explosion is defined

as the individual risk.

To calculate the individual risk, we have to know the probability of

an explosion in the Storage.

In this case we assume the same probability that was found for a similar

explosive Storage in an earlier event analysis (reference 9).
The probability of an explosion is assumed to be X.e a 75 .10"5/year.

The individual risk is found by means of equation:

r1  building (rel" PF)+ Xopen air (rl PF)] " e

The additional risk from being inside a vehicle part of the time is

negligible.

CRITERIA AND CONCLUSIONS.

The original question in this analysis was: How much explosive can

be stored in the underground Storage?
To give a background for an answer, or rather a decision, one has to

calculate the risks for different quantities of explosives.
In this analysis the results are presented in the shape of two bar charts.
Figure (13) show the subjective group risk for Storage of 20 - 40 tons

of dynamite. Figure (14 show the individual risk for the person at highest

risk for the same quantities of dynamite.

In recent years Dyno Industries A.S has had a rule of the thumb agreement

with the Norwegian Explosives Inspectorate, saying that if the subjective
group riskfor new Storages conicerning 3rd persons, is less than oneand the

individual risk is less than 1.10" 5/year, permission to store will be

granted.

The criteria for individual risk is equivalent to the level of risk that

an average person will be exposed to in daily life outside his working

environment,

These criteria are adopted from Switzerland where they form the basis for the

Storage of Ammunition Regulations.
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In Switzerland they May use a criteria of Re a 4 when considering
an already existing explosive Storage. This was the criteria which

Swe hoped to be allowed to.use.

The decision was finally based on the Re % 4 criteria, as well as the above

mentioned criteria for the individual risk.

This means that in the future 35 tons of dynamite will be the maximum

quantity of explosive to be stored in the underground Storage.
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ANALYSIS OF EXPOSURE

CT OF WAST WAVE AMMTAIITY USum MWCT .
S.. .. .... ........... or 1NUMBER

iOBJET toW uxwz~ P

DVELLItG HOUSES II 0,100 28 2,800
IV 0,010 21 0,210
V 0,001 158 0 158

1 0,5 1,584
2 1,0 3,168
3 0,8 2,534

HOLIDAY HOMES 0,300 3 0,900

III 0,100 5 0,500

IV 0,010 45 0,450
V 0,001 13 0,013

1,863 1 0,01 0,019
2 0,05 0,093

3 0,80 1,490

INDUSTRY AND COCMERCE: IV 0,010 1 0,010

V 0,001 6 0,006

0,016 1 1,0 0,016

--,

RISK IN CASE OF EVENT

No. I No. 2 No. 3

SITUATION WORKING NIGHT/
HOURS REST HOLIDAYS

PART OF EVENT ArXI 0,6 0,3 0,1

Living houseg 1,584 3,168 2,534

Holiday houses 0,019 0,093 1,490

industry and commerce 0,016

EXTENT OF SITUATION A. 1,619 3,261, 4,024 OBJECTIVE

- -/5 RISK
AVMRBIOIFACTOR tp - 2 1,25 1,57 1,75 Ro" 2,35

PAWT OF SITUATION FOR R° 0,971 0,978 0,400 SUBJECTIVZ

"RISK
PArT (C SITUATION FOR Re 1,214 1,536 0,700 Re. 3,45

13,3 4 -3

'7 , 7
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FIGtR3 12

ANALYSIS OF EXPOSURE

UY3 OF RXAST WAVE AM 8 ON YTA=Tr muR O33C BI!UMON XONP.1 W0 U I N 204UC orE' LI 3 " an B EC I OE (:( •. P

OBSOWT A fmh/
___up__ A IMP NO. pp

KiaLPPzST - STRWSSMANN ROAD I1 0,100 449 45 1 0,016
606 61 2 0 5 0,021
679 68 3 8 3fN 0,024
127 13 4 0,005

2 2 5

iV 0,010 449 4,5 1 0,002
606 6,1 2 0 78 0,003
679 6,8 3 63)- 0,004
127 1,3 4 0,001

2 0,2 5 -

V 0,001 449 0,45 1 -
606 0,61 2 -
679 0,68 3 0 56 -
127 0,13 4 -

2 5 521

RISK IN CASE OF EVENT

No. I No~. 2 No. 3 No. 4 NO. 5
SITUATION MOIWING DAY AFTERNOO EVENING NIGHT

4h 5h 5h 5h 5 h

PART OF EVENT re 0,220 0,280 0,167 0,167 0,166

KLEPPESTO - STRUSSEMqN ROAD

- ne 111 0,016 0,021 0,024 0,005 -

- ne IV 0,002 0,003 0,004 0,001 -

EXTEIT OF SITUATION AS 0,018 0,024 0,028 0,006 WE
__ RISK

AVERSI0UFAOR p - 2"/ 1,0 1,0 1,0 1,0 - R~.1

PART OF SITUATION FOR Re 0,004 0,007 0,005 0,001 _ U5TDC-

PATO ITUATION FOR Ro 0,004 0,007 0,005 0,001 1ta00PART~~~~ O1 SIUTO1O e 004 007005 0,001
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DINTODCTION

The Department of Defense Explosive Safety Board (DDESB) establishes,
recomends, and enforces safety standards to guide DOD components in pre-
venting hazardous conditions and limiting human and econumic risks. One DDESB
standard involves defining Explosive Safety Quantity Distance (E9QD) tables,
which specify the minimam "safe" distance from inhabited and related facilities
to potential sources of explosions and fires. The ESQD tables are intended to
limit the risk to people and property from blast overpressures, fragments, and
debris resulting from an accidental explosion. For Class 1, Dirision 1 explo-
sives having a Net Implosive Weight (NEW) exceeding 30,000 lb TNT equivalent,
the ESQD distance to inhabited facilities is controlled by blast overpressures.
For 100< NEW <30,000 lb TNT equivalent, the ESQD distance to inhabited facili-
ties is controlled by fragments and debris and is uniformly set equal to
1,250 feet, unless it can be adequately demonstrated by technical data that a
Lesser distance will result in no more than one fragment or debris missile per
600 ft2 of ground curface area with an impact energy exceeding 58 ft-lb.

Numerous literaturea (ief 1) address various aspects of the debris hazard
problem, such as the launch velocity, launch angle, mass distribution, flight
trajectory, and imjact range of debris from explosions in buildings (Ref 2,3,4,5).
Some methods provide only qualitative estimates of debris hazard. Other
methods are quantitative but empirically derived froi liauted test data that
fail to account for all building and charfe charact2ristics. In summary,' the
technology available today does not provide a complete, relirble prediction
method for debris hazard problem. At best, it offers a piecemeal approach
leading to an incomplete solution with limited application; it does not account

for all parameters affecting debris hazard nor the range of paramnters found
in the field.

The Naval Shore Establishment has a large number of explosives facilities,
such as Weapon Maintenance Facilities, vhere tte NEW Is less than 30,000 lb
TNT equivalent. In accordance with DDESB safety criteria, new facilities must
be located at least 1,250 feet from 0.ese ordnance facilit4.es, and safety
waivers must be issued for existing facilities that do not comply -- unless it
can be adequately demonstrated by technical data that a lesser distance will
result in no more than one fragment or debris missile per 600 ft 2 of ground
surface area with an impact energy exceeding 58 ft-lb. To date, no unhardened
facilities have been sited at less than 1,250 feet and no safety waivers on
existing facilities have been voided, based on the "58 ft-lb'" criterion. The
reason being that no reliable method exists for predicting the "safe" debris
distance corresponding to the "58 ft-lb" criterion.

Significant benefits, in the form of reduced safety waivers and encumbered
land area, can be realized from application of a reliable debris prediction
model in the planning and design of the Naval Shore Establishment, In view of
the potential benefits, the Naval Facilities Engineering Comand tasked the
Naval Civil Engineering Laboritory (NCEL) to develop a reliatle methodology
for predicting the debris hazard from explosion& in buildings
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0 ~SOLUTION CONCEP
Given the value of parameters describin1 the initial launch and flaht

characteristics of a single debris missile, Iatermipation of its trajoctory,
impact range, and terminal energy is a routina academic exercise. I t i eodL
the problem is to predict the debris hazard from an explosion inside a building,
the computationsa, process is much more difficult. It requires estilm"te of
the applied loads produced by the explosion and estimates of the resahti"t
dynamic response and failure characterics of the structure - just to establish
the value oZ parauters describing ths initial launch and flight characteristics
of the debris. There will be uncertainty in these estimates. The uncertafnty
is due to inherent randomness in the state of nature and prediction error from
lack of knowledge. Because of these uncertainties, the value of the parameters
may be specified only within a raoge of possible values, regardless of the
level of effort directed toward the debris problem. Moreover, certain values
(or range' of values) may be more likely to occur than others. This may be
described in the form of a probability density function (Pdf).

In view of the above, the solution concept for predicting the debris
hazard from explosions in buildings will be based on a probabilistic model.
Input to the model will be the Pdf for each of the following parameters:
launch velocity of debris (v), launch angle of debris (0), debris mass (a),
drag coefficient (C), and drag area (A). The model will contain the basic
"relationships between these parameters for predicting the' trajectory, impact
range, and terminal kinetic energy of a debris missile. Given the Pdf for
each parameter and utilizing the Monte Carlo random sampling technique, the
model will randomly sample the Pdf for each parameter and compute the impact
range and terminal kinetic energy of the sample (debris missile). This process( will be repeated a prescribed number of times for each of several mesh elements.

j - Each mesh element will simulate a unique area of the building and together
they will simulate the entire surface area of the building. The model will
sum over all mesh elements to find the total number of debris missiles exceeding
a prescribed critical impact energy at various distances from the building.
Output from the mode) will be the expected number of debris missiles per
600 ft 2 exceeding the critical impact energy, say 58 ft-lb, as a function of
range from the building. The range where the expected number of critical
debris missiles is equal to one will be defined as the "safe" range for the
particular limit of 58 ft-lb, consistent with DDESB safety criterion.

It is important to clearly understand the technology risks &and resource
requirements envisioned in development of the proposed solution concept.

Development of the debris prediction model in low risk and requires only
limited funds. A major part of the technology thrust and funding support must
"be directed toward development of procedures for establishing the probability4 density function for each of the five input parameters to the prediction moel.
The relative effort applied to each Pdf will depend, to a large degree, on
results of a sensitivity analysis that will identify the parameters which
significantly affect debris hazard predictions. Once identified, all efforts
will be directed toward theoretical and experimental studies designed to
establish the procedure or technical data that defines these critical Pdf's.
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Building and Exlogivos Charactertotica

The prediction model will be capable of predicting the debris h6ad frea
explosions in •ay tp of structure, given the Nif for each Upt pfra to tothe model. However, in view of the la*e effort re6qred to .ieoop : Nf
for each paraeater, this study wilfl be, limited to divelopmedt'tof the Ht's
only for rectaugular-ehaped reinforced concrete structures of the t*e illp-
trated in, Fist"e 1.Debris hazard predictions will obviously depend on'the characteristics of

the builditn and explosive stores. Characteristic parameters will 0 €acluie oW
or more of the following: building 8eometry (length, width, ease &h, and
roof slope), building envelope (materisal and structural design), ' l•miriti nd
personnl doors (number, perimeter, mass and location), windows (aimbae
area), oaploaives stores (XRW and location of each explosives coatiitretlon),
and exterior and interior barricades (height, length, material of construction
and location relative to the walls of the building).

The study will first address reinforced concrete buildings rather then
metal buildings, based on present impressions that primary feamitts from
weapons and secondary debris frce building contents may control the safe
debris range from aetal buildifri. Further, reinforced concrete structures
are more common in the Naval Shore Establishment, and blast hardening of
explosives facilities, in most cases, involves reinforced concrete construction.

Debris Mesh Element

A grid system will jimulate unique areas of each surface of the building
as illustrated in Figure 2. Each grid element will be unique, capable of
having its own Pdf for each model input parameter. The purpose of the mesh is
to reduce the sources of uncertainty in the Pdf for one or more of- the model
input parameters, allow insight into the major sources of debris hazard, and
evaluate the effectiveness of barricades and the importance of charge location.
One or more mesh elements will be needed to simulate a face of a building; the
total number depending on the characteristics. of the building and explosives.
For example, if all explosive stores are always located at the south end of a
long building, the Pdf for debris masa associated with a mesh element near the
south end could be quite different from that for a mesh element located near
the north end. The difference could result from large differences in either
the time history of the applied load or the structural design characteristics
associated with each mesh element. Other mesh elements.may represent the
structural frame or truss in each bay of the building or each exterior door.

Another grid system will represent areas on the ground surface outside
the building ams illustrated in Figure 2. Each grid element will constitute a
debris bin with an area of 600 ftW. The debris bins vwll extend the length of
the building and outward from the building to a distance of at least 1,250 ft.
The prediction model will calculate the debris trajectories and count the
nmiber of debris missiles landing in each debris bin with an impact kinetic
energy exceeding some prescribed critical value, say 58 ft-lb.

Logic Flow Diagram

The basic logic flow for the prediction model is p.esented in FiSurt 3.
Major components of the model are two subroutines, a Monte Carlo random number
generator subroutine and a drag trajectory simulation subroutine. Both are
off-the-shelf itoes.
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The Monte Carlo random wiber genrator subroutine will be tip "aeration
sad Testing of Random Number" @bprogram in the Interuational stbmaitics and
Btatistift Library (hif 6). The aderoml has the, opability to meurstt
randma saples from the probability distribution of a seiform, triangular,
Gaussian, binomdal, log-nonr1s, Poisson, or Weibull dist•ibution.

The drag trajectoxy siamulatioa subroetiUe will be the '1RW pr~qrm
developed by tho Naval Surface Weapons Center (Ref 7). lIs asob osi mws
originally intended ,for supervnic speed framents with varlablo drag coeffi-
ciea. bowever, it also has the capability to calculate low-sped debris
trsojctor/es for constant drag coefficients. Minor modification will be made
so that the trajectory calculation accouats for the initial height of laach,
which can be quite significant in debris hazard predictions for a building.
Another mdification required in this program is to account for effects of
earth barricades located outside buildings.

The logic flow will accommodate one or more mesh elements of a building.
The total ntwber of debris missiles landing in each debris bin will be the sum
of the debris missiles from all mesh elemente resulting from 2-dimensional
flight trajectories.

The niuber of Monte Carlo runs will be the number needed to stabilize
debris hazard predictions. This may result in a total debris mass of a1l
Monte Carlo random samples which differs from the actual total mses of the
mesh element. This difference will be adjusted by enforcing the "conservation
of debris mass principle" which requires

Xb %

where Nb total number of critical debris missiles (i.e., debris

missiles exceeding so•e prescribed impact energy, say
58 ft-lb) which land in debris bin b (24.5 by 24.5 ft)

%i• = fictitious number of critical debris missiles in debris

"bin b resulting from mesh element j for nj Monte Carlo

runs

am = mas of the i-th debris missile from mesh element j

M = total mass of mesh element j
J
e = total number of mesh elements

nfj = total number of Monte Carlo rum for uesh element j

b = debris bin number, equnl to integer of R/24.5

R = range from face of building to impact point ýf debris
missile, ft
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rem output from the prediction model will be the frequency distribtiom
for the uginbr of debtis Missiles (per 6W0 fto) esceedift a prespribed critical
impact enrgy vrense nag funm the building *a Illustrated in 71iu' 4. It
the probability distributions of the. ssnpt parameters are relatively ameati'
and the m~ber of Nuats Carlo rme ts sufficiently large, tha. the resultift
histogram sheould be fairly well behaved. Should this be the case, the "slit.
distance, R 0 will Ue determliied from the hintogram (for the number of debri
missiles exAeediin an impact energy of $a ft-lb'o by loca""n thet raW Ae e
the, number of dmbaris missiles is one. Nowaever, if the histogram exhibits
Irrepilar behavior neat Its "tail", then it will, be necoecery to use a curve-
fitting techaique or other aethod t;L establish a contirwous funvtios that
approximastes the tail of the histogram. This function, representing the
expected number of critical debrita missiles (per 600 ft~t) as & function of
range, will be used to estublish the mate range by locating the range where
the expected number of critical debris missiles doe-i not exceed one.

The histogram can be used t~o resolve other pro'bleas in addition to the
safe debris range corresponding to DUBB criteria. For exaumple, the problem
may be to identify effects of deviations from DDMS safety criteria, the rawg
for absolute safety (no debris), or the range at which so more than one debris
missile per 600 ft' h&s 4m ixpact energy sufficient to perforate the shell of
a particular building.

Probability Densiti Functionr for Input Parameters

* f A Pdf must be assigned to the debris ma63, launch velocity, launch angle,
drag coefficient, and drag area for each !iesh elemeut of the building. In the
initial phases of the study, the. choic-' of mesh elements and Pcef'a,, thoughC
representing the state-of-the-art, will be crude estimates in some cases.
However, these estimates will be adequate to demonetrate thn rodel'i't vapabilt-
ties &ad to volidatu its logic flow. The choice of mesh elemeats and Pdf'c
for each type of building will be updated as technical datu are developed in
the study or reported by other i3ivestigators.

The re~libility of outplit from tha model will depend almost exclusiv~ly
on the choice of mesh elements, how these mesh elements break u2, and the
Pdf's assigned to these mesh elements. Celiable definition of both (mesh
elements and Pdf's) requires application of ýnowiedge (theoretical and experi-
mental data) about the characteristics of gau and shock loads resulting from
partially corfined explosions, effects of these loadw on the dynamic response,
bet'avior to failure of structural systems and components (especially reinforced

Ou u fomte odl smenigls if this knowledt is not fully utilized.
Theinut ar-seer toth moelare discussed below. It shoul de

emphsizd tat rocdurs dscrbedbelow for dvlpn h d' &avr
preliaiaery and subject to further improvements in future phases of the study.

Debris Nass. A ?df for debris mass will be required for each mesh element
in he uHH47.Thefoxa of the Pdf will depend on the choice of mesh elemuets
and hepediced andi thsone flngh ceharactrits of th dy2eebImen rsulting

froms predictei dynast c and. h reid behasto lofh ad s eilement resultoing
pthiete blasth loadsit wilectisoun.i
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The predicted blast loa1d may be sufficient to "shatter" the material •n
tthe me" element. If analysis Indicates this to be the case, then the Nt

will be similar to that for debris fres effects of cilawis I fts em
reinforced concrete panels (Ref I and ). For this cae, th ll tead to
an exponential function of the type illuatrated in Figre 1%e. te dchracter-
istics of the function will be derived from either, ads" exerimetal data
or from a modified form of th Mott equation (Nef 8).

It the esh almamt does' not "shatter" te the meh elmmat wIU respond
predominantly is a structural mode typical of flemal and/or mu*re* buhwior.
For this case, the Pdf will take a different form to acto..ft for the mich
tgher probability of a few larg debris msses (instead of may smaller

ilieS).
ITe type of material in the mash element will also influence thi W.

For emple, if the mesh element represents a steel friam or steel roof otras,
the Nf should account for the hiaber probability of large debris omeses,
regardless of the proximity of eplouives. All available e•permental data
will be utilized to account for effects of design parmeters, sucL as rebar
size, rebar spacing, concrete comressive strngth and aggreg•t• siee.

In sot cases, the choice of mesh elements will represent individual
structural components of the building. In some cases, too mesh elements will
be used to represent a structural component, such as a wall slab. For example,
if a structural analysis indicates that the slab will fail prematurely in
shear, then one "perimeter" mesh element w4uld represent the region near its
perimeter; the other would represent the center region expected to "blow-out"
as a few large debris missiles. The "perimeter" mesh element would have an
exponential Pdf for debris mass typical of concrete rubble (large number of
SMall missiles) associated with a shear failure. The other mesh element would
have a Pdf that reflects the higher probability of a few large messes associated
vith the center portion of the slab.

Dra Area. Drag area is defined as the cross-sectional area normal to
the f t rection of the debris missile. The drag area cannot bp determined
precisely since the actual shape and flight attitude of each debris-missile is

unknon. Furthermore, the debris missile way tule or spin during its flight,
-causing the drag are& to vary throughout its trajectory. Thus, the drag area
can be specified only within a range of possible values.

The complexity of the probiem will be simplified by assuming the debris
missile has a constant drag area, A, representing the average drag area through-
out its flight. Recognizing that the drag area must be proportional to its
mass, i.e., r large debris missile is more likely to have a large drag area
leads to the following relationship.

A = k( , for a debris missile resulting from (2)
\ap 2-dinentional break-up

S k(- 2/3, for a debris missile resulting froe (2b)
O\-) 3-dimensional break-up

where A = drag area of the debris missile, ftl

a = mas of debris missile, 1I'
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p = specifte demtity of debris msetlle, lb/ftl -

t a tbiakoans of the seek elemet, ft
k a fli*h tspe factor

A debris missile may be the result of either 2-dtueanleal or S-imensional
broek-up from the smes el te. Criteria must be developed in the study to
estifats if a random debris missile is the result of 2- or 3-damwsitsmal
break-up. Gives that the debris missile results from 2-dimmustoal break-up,
the possible values for k ranm from 1.0 to X, wbere X is the ratio of the
mash elemnt thicknhes, t, to the characteristic length of the debris missile,
l. A possible probability density function for k Is sbown in Figure 5b with
possible values of k ranging from 1.0 to A. Given that the debris missile
results from 3-dimensional break-up, the factor k to the product of the flight
attitude factor, k', and the shape factor, k". For a sphere, k' a 1.0 and
k" a 1.21, so that k u 1.21. For a cube, k" z 1.0 and 1.0 < k' <' 47, so that
1.0 < k < W1. Definition of the factor k for other possible shapes of a
debris missile is more involved and requires further study.

The computational process to arrive at the value for the drag area will
proceed as follows. Inputs to the model will be Pdf's for the factors k and
k'. After the model has selected a Monte Carlo random sample for the debris
was, the model will determine, from "break-up" criteria yet to be developed,
if the missile represents 2- or 3-dimensional break-up, next select a Monte
Carlo random sample for k or k" from the appropriate Pdf, and finally estimate
the drag area of the debris missile using either Equation 2a or 2b based on
application of the break-up criteria.

Criteria for break-up are incomplete at this time but expected to be a
function of one or more of the following factors: structural characteristics
of the mash element, value of u/p relative to the concrete volume between
orthogon&l reinforcing bars, intensity and duration of the shock and gas loads
acting on the mesh element, minimum scaled distance from the mesh 6lement to
the nearest explosive charge, NEW of the nearest explosive charge, knd the
scaled thickness of the mesh element.

Launch Veloiy. Shock pressures are the result of shock waves generated
by the detonat•on-o? each explosive charge. The incident waves strike the
surfaces and contents of the structure and are reflected. The reflected waves
bounce back and forth between all surfaces to produce shock pressures acting
on the interior surfaze of each mash element. The shock pressures are typically
high but decay rapidly as the energy in the shock waves 'rapidly dissipate.

The heat energy released by each detonation and the subsequent afterburning
raises temperatures of the air and gaseous by-products of the explosion. This
generates Sas pressures, in addition to shock pressures, in the sae time
period. The gas pressure inside the structure will rise to some peak value,
depending on the ratio of the total explosive weight to volume of the structure.
The gas pressures gradually decay as gas temperatures drop and gases vent from
the structure through windows and other openings created by break-up of mash
elements. The peak gas pressure is typically small compared to the peak shock
pressure but its duration can be many tines greater than the duration of the
shock pressure, depending on the total window area; mass, area, perimeter, and
number of doors; and the resistance, behavior, and moss of mash elements.
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The time history of the crebind shock ad Sas loading and resultin
dYamic response of the building and typical mesh elvemat are ilmsttetad in
160ure 6. A campter program will be developed to gemerato & meaM estimat ofthm launch velocity for each mash el0se0t, defined as the ymsioed alecity
at the end of the duration of combined loading on the mob elaeent. Tbe
computational process *iII involve as iterative procss wkick accosts foreffects of reflecting surfacs of the building, EN and location of charges,
window area and structure volume, time variations in the vmt eras, voluam of
the structure the strain energy capacity, end sass and location of meet elements,For each time increment, the program will asnow a gas pressure; calculate the
acceleration, velocity and displacment of each mesh element; determine the new
volume and effective vent area of the structure (window ares plus the difference
between the surface area of the distorted and original shapes of the building);
and then use these new values to recalculate the gas pressure. The process
will be repeated until the difference between the assumed and calculated gas
pressures is less than some prescribed value. The iteration process will be
continued until the time when the pressure reaches zero. The velocity of the
mesh element at this time will be defined as the mean launch velocity of the
element.

This computer program will be isolated from the debris prediction model.
It will incorporate all available knowledge for predicting blast loads and
dynamic response and behavior of structures. Output from the program will bethe mean estimate of the launch velocity for each mesh element in the building.The computational process will require assumptions that introduce uncer-

tainty into the predicted launch velocities. These uncertainties will beaccounted for in the Pdf assigned to the launch velocity, as illustrated in
Figure Sc.

Irv, Launch Angle. Investigatiors have observed the launch characteristics ofdebris from explosions in test structures (Ref 1). These observations indicate
that the launch angle of debris missiles is predominantly normal to the surface
of the building, i.e., 0 = 0* for debris from walls and 0 = 900 for. debris
from flat roofs. Very few debris missiles were observed at nonnormal launch
angles. Thus the Pdf for launch angle will probably be represented by a very
narrow Gaussian distribution as shown in Figure 5d

Drat Coefficient. Records of debris from accidents and small- and large-
scale tests involving explosions inside buildings indicate that ,4ebris missles
are produced in many shapes and sizes (Ref 1). Missiles range from chunky to
pancake shapes and from very small sizes less than aggregate size to large
sizes typical of whole sections of a building. Further, a debris missile may
spin or tumble during flight. Little information is available on the drag
coefficient for such a wide variety of shapes and orientations. Any studies
to determine the drag coefficient for all combinations of shapes and orienta-
tions would be very costly and hardly meaningful since their orientationduring flight is unknown. In view of the above, the range of possible values
for the drag coefficient will be represented by a uniform probability distri-
bution that includes the range of possible values for stable orientations, as
shown in Figure 5a. Limits for the drag coefficient will be 0.47 (smooth
sphere) and 1.98 (flat plate) (Ref 9).
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26o llustrate the tedw u &Wnd validity of the probabilistic ap roachfor predictiton of tka debris hanards, a missile rework buildin8 in YCTa

= statine, Seal Beach, Calif., has been chosen an a "typical" case for
_slsis. Us building is a sptanul-ar box (dimensions: length a 260 feet,
width x 145 feet, height . 25 feet) with 9-inch concrete vw1ls. The flat roof
of the building is made of corrupted sheet metal, which will be easily blown
off ia caw* of an accidental explosion.

The explosive limit (Class 1.1) for the building is 25,000 lb, and the
Isplos$.ve Safety Quantity Distance (KSM~) is 1,250 feet. The Not~ 2xplosive
Weight (MWI) will probably be scattered and varied, but assumed concentrated
at the center of the floor.

Debris Initial Launch Conditions Anallsis

Blast I2ulse Loadin;. Because of the rectangular shape of the building,
the assumed location of the explosives is closer to the front/back wall than
to the side walls. It is thus more conservative to select the front/back wall
as the base for determining the most critical debris hazard distance. Also,
because of the frangible characteristics of the sheet metal roof and doors,
the condition of an accidental explosion can be considered "fully vented."

The scaled unit blast impulse for the front/back wall is obtained from
MAVFAC P-397, Figure 4-56:

b = 210 psi-ms/lb
1/ 3

The actual unit blast impulse is then,

ib . 6.138 psi-sec = 883.87 psf-sec

Initial (Launch) VelociZt. The initial debris velocity is derived from
the principle that al the blast energy transforms into wall kinetic energy,
i.e.

m vi ib

where a = mass per unit wall area

For a 9-in. concrete wall, the mass per unit wall area is:
3 3 22 3

(. ft) x 150 lbm/ft = 112.5 lbm/ft = 3.494 Ibf-sec2 /ft 3

= 84487 ft/sec = 253 ft/sec
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This is the estimated &ean average debris velocity, howverr, 4ue to the
nonuniform blast loading on the wall, plus other unceartinties asoc iated Mt
the calculation, it is expected that not all the debris missiles will have t•ii5 saoe initial launch velocity. To account for this variation, it is asnuedIi that the initial velocity of debris can very t90 ft/sec from tho mean value,

S~i.e.,

"vi x 343 ft/ec man 253 ft/sec v 163 ft/sec

launch Aule. So matter from what angle the blast wave t einges on the
wall, th reaction blast pressure and loading on the wail will be normal to
the wall surface. If the wall is brittle and fails instantly, thee the debris
laemeh ale will be mainly (normal to the wall (0 a 00). Nowever, if the
vail structure is ductile, then the wall will be distorted or bent before
failure, and the debris launch angles will be normal to the deflected wall as
shown in Figure 7.

For conservative estimation, it is assumed that the building wall fails
in a fixed-end ductile mode with a maximum incipient rotation angle at 120
which will impose the maximum debris impact range. Thus, it is reasonable to
assign the debris launch angle vary from -12° to 120, i.e.

emax a 12 0 Om = 00 Smin' = -120

Debris Mass. A more difficult and challenging problem is the determina-
tion of debris eiissi).e sizes or masses. No theory has been successfully
developed to predict either the total number of the debris missiles or the
size (mass) distribution of the debris missile. For preliminary analysis, we
again assume the biggest debris missile to be 500 lb, and the smallest debris
missile be 0.01 lb thus,

Kmax = 500 lb Main = 0.01 1b

Dras Coefficient and Drai Area. Because both the debris missile shape
and flight attitudes are var edIon debris missile to debris missile, the
exact value of the individual debris drag and drag area will be extremely
difficult to predict. However, the drag area must be proportional to the
debris missile mass, and the drag coefficient can be limited between a smooth
sphere and a flat plate normal to the flight direction. Thus:

Cd max = 1.98 (flat plate) Cd min = 0.47 (smooth sphere)

Ad max k 5002/ ft2 = 2.23 k ft 2

A d k - ft 0.0016 k ft
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bee doshape factor k . for cube

k a 1.21 for sphere

Deterministic Approach: Muximua IMact Range

After obtaining the range limits of the debris missile launch and flight
parameters, it is feasible to predict the maximum possible impact range of the
fictitious "wont" debris missile by using a point-mass drag trajectory computer
program (e.g, S81C, White Oak TRAJ Program). The "worst" debris missile is
being defined as the one which has the largest mass, fastest initial velocity
and optimal launch angle, but the smallest drag coefficient and minimum frontal
drag area. For the sample case, it becomes,

H 500 lb, Vi = 343 ft/sec, 0 12*

Ad = (2.23 k) ft 2, k = 1, Cd 0.47

o= 25 ft (initial launch height)

With the above debris missile launch conditions and flight characteristics, it
is determined that the impact range is 1,440 feet with a terminal kinetic
energy equal to 7.37 x 100 ft-lb.

The above deterministic approach for prediction of the maximum safety
range is ultra conservative because it assumes the worst possible value for
each of the debris launch and flight characteristics. In reality, the largest
debris missile does not necessarily launch at the maximum velocity and at the
highest angle, and flight with the smallest drag coefficient and drag area.
Thus, the chances for an actual debris missile to impact at the "worst" di-
tance is extremely small.

Another technical difficulty for adopting this maximum possible inpact
range as the safety distance arises from the fact that deterministic calcula-
tion for the single debris missile cannot demopstrate, nor indicate whether
there is more than one hazardous debris missile per 600 ft2 of ground surface
area. Therefore, the result cannot be adequately used as a means to determine
the Explosive Safety Quantity Distance (ESQD) based on DDESB standard criteria.

Probabilistic Approach and Solution

Mesh Element. The upper half of a central column on the front wall
(24.5 feet x 12.5 feet) has been selected as the typical mesh element to
illustrate the probabilistic methodology (Figure 8). The reason for choosing
only the upper half instead of the whole column is because, assuming a ductile
wall failure mode, only those deb-is missiles from the upper half wall will
contribute to the outer range of the critical debris histogram and thus decide
the safety range. The total weight of the mesh element is thus

(24.5 x 12.5 x 0.75) ft 3 x 150 lbm/ft 3 =34,453 lbm
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Probability Densitq Functions for Input Parameters (riMue 9).Iw
Initial Velocity - From the building sad charge characteristics, the

average mein ilocity ol the debris missiles has been determined. Obviously,
not all the debris missiles will eject at exactly the same velocity because
their locations and uncertainties vary. The variation of the debris initial
launch velocity can then be assumed to be a normal (or Gaussian) probability
density function (Figure 9) with a mean equal to 253 ft/sec, and standard
deviation (a) equal to 30 ft/sec (3a = 90 ft/sec, corresponding to the previous
estimated maxima value).

Launch Ansle - To be conservative, it is assumed the wall will fail
at a maXil ""Uciienj t failure angle of 12*. Theoretically, the debris missile
from the top of the mesh element will have a launch angle 120, while the
debris missile from the bottom of the mesh element will have a zero launch
angle. All the debris missiles in between will have launch angles between 0*
and 120. Thus, it is reasonable to adopt an uniform probability density
funaction with limits from 00 to 120 (Figure 9).

Debris Mass - Observation of debris from accidental explosions
reveals that debris missiles vary greatly in size and shape. There is no
theory yet developed to predict the mass distribution. Jowever, empirical
data from various building structures (Ref 1 to 4 and 10) do suggest that the
best fitting mass distribution curve is the exponential function with a
diminishing number of large debris missiles (Figure 9).

where a = mean value (required to be input to the IHSL subroutine)

Then integrating to obtain the number of debris missiles in between two
debris wasses,

'Waax -SS

N J f(x) dx -e (forNin =0)

And assuming the biggest debris chunk for every 1,000 debris missiles is
500 lb, then

59 'k ,b 72 lb

Using this mean mass and the total mass of the mesh element, we determine
the total number of the debris missiles from this mesh element is
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The expected biggest debris missile from this mesh element will be

Hs = 72 (In 478) = 4441b

which is in reasonable agreement with the previous estimated limit value of
500 lb.

Drs Area k Fagctr - Because of the random pattern of debris missile
shape, it 1very difficult to determine the k factor which related the drag
area to the debris mass. Furthermore, the .drag area might vary with the time
in flight in the event of instability (e.g., tumbling or spinning). Thus, for
approximation, it is assumed the k factor will have a normal distribution with
mean value of I (corresponding to a cubic shape debris missile without tumbling)
and standard deviation of 0.2 (Figure 9).

Drat Coefficient - The drag coefficient not only depends on the
shape of the debris afiale, but also on the flight attitude of the debris
missile. Due to the randomness and uncertainty on both the debris missile
shape and flight attitude, it is only feasible to assume a uniform probability
density function (Figure 9E) with lower limit of 0.47 (corresponding to a
smooth sphere) and upper limit of 1.98 (corresponding to a flat plate).

Output from Monte Carlo Trajector, Simulation. With the above five input
parameters, a Monte Carlo multiple trajectory simulation has been successfully
completed. The total number of Nonte Carlo runs was selected to be 478 in (
accordance to the total number of the expected debris missiles. The result of
the simulation is a histogram (Figure 10) which depicts the distribution of
critical debris missiles (> 58 ft-lb) versus debris impact range (Itbin length
equal to 24.5 feet). Using DDESB debris criteria, it is not difficult to
determine the safety distance from this histogram, which is just 1,250 feet.
The safety distance based on the deterministic, ultra-conservative calculation,
1,480 feet, is also shown in Figure 10 for comparison.

NLUSIONS

The sample case demonstrates the applicability of the probabilistic
approach to the debris hazard problem, although test data are lacking to
verify the prediction. It must be emphasized that all five input probability
density functions are crude and unsophisticated for preliminary demonstration
purposes and can be easily improved or modified when more empirical data
and/or theories are developed. The Monte Carlo random trajectory simulation
program will be further developed to include the initial launch height, nega-
tive launch angle, and multiple mesh elements. Field tests on various building
and charge characteristics are also planned for later stages of the project to
obtain, improve, and verify the five input probability density functions,
(Ref 11).
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K The computation time of the 478 Hante Carlo random trajectory runs is
90.5 AESR units, which coot 110~L roughly $25, or $21 if run overnight, or $16
if run during the weekend. The possibility of using trajectory data based on
a table of ballistic coefficients to save computation time will be investigated
in parallel with the current program.
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ABSTRACT

Aerial.photo.raphy has broad aPpiicabilit4 , to a variety Of fields.
Its pr1imar advantages are the Syimptic overview arnd its cost effec..
tiveness. This paper discusses how aet-il Photographs may be analyzed
to develop information on debris patterns and size. This analysis can
produce good estimates of the &real distributioni of debris and estin~ae"
of debris size. This technique has potential to reduce the cost of
manpower intensive ground surveys and allow selection of survey areas
based on high debris concentratwios.
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AERIAL PWTOAPI APPLICATI0IS IN DOMIS STUDIES

Aerial photography has been used for mny years in many differtnt

branches of engineering and science. Aerial photographic techniques

have been used and are used today as the basis for maps, both on the
surface of the earth and across the vast regions of space. In today's
resource critical times, aerial photography has proved its application

in exploration for oil and precious minerals as well as the management
of many of our natural resources such as water, forests, and wild life.

This paper presents what we believe to be a relatively new application

of aerial photography. This application is the use of aerial photo-
graphy in support of debris studies.

PURPOSE

The purpose of this paper is to demonstrate potential for the use
of aerial photographic techniques in debris studies. The debris study
in which this method was applied was the study of the debris hazard M

caused by a detonation of high explosives Tnside a protective structure.

OBJECT!VES

There are two main objectives in this paper. The first Is to
demonstrate that the results of aerial photographic analysts correlate

well with traditional analysfs methods used in study of debris. A~n

example from a recently completed debris study in support of the DISTANT

RUNNER High Explosive Test is used to show that the aerial photography

techniques support the findtngs of the tradftional manpower intensive
debris study.

The second objective is to demonstrate that aerial photographic

techniques can reduce time for the data collection effort that normally
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accompanies a debris study, and could allow the focusing of manpower
intensive methods on those areas in the critical zone or the zone of

particular interest for the debris study. Using the recently completed

DISTANT RUINER Test, I will show that the time to perform an aerial

photographic debris study was considerably less than that for performing

the manual debris assessment. Additionally, I would suggest that this

time saving could be used effectively by allowing the manpower intensive
debris study effort to be focused in the critical region or the region

of greatest concern.

BACKGROUND

The DISTANT RUNNER Test Program is the basis of the Information

presented In this study. This program was a high explosive test program

sponsored by the Defense Nuclear Agengy. The Contracting Officer's

Technical Representative was Lieutenant Colonel Robert Flory. Several

different aspects of the DISTANT RUNNER Test Program have been presented

at the 20th Explosive Safety Symposium. The purpose. of the test program
was to reduce the quantity distance crtteria for third generation air-

craft shelters in Europe and the Far East. Currently, these aircraft

shelters are used to protect and store aircraft on U.S. Air Force bases

and allied bases throughout the world. The test program consisted of a

series of internal and external explosions to test the structural

integrity of the shelters. Of particular interest for this paper is

Event 5 in the test series. In this event of 48 4ark-82 bombs were
detonated simultaneously Inside a hardened third generation ai rcraft

shelter. This equates to approximately 9,168 lbs. of TNT.
Quantity distance criteria depend on both the blast hazard and the

fragment hazard caused by the detonation of high explosives within a

protective shelter. The BON Corporation was involved in the test program

in providing test planning and summary data analysis for the program.

The debris study was a vital point of the DISTANT RUNNER Test Program.

This study was conducted by the Naval Surface Weapon Center and the
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principal investigator was Dr. Jerry M. Ward. The priary focus of or.
Ward's work was a traditional approach to debris stu4y. This tradi-

tional approach involved the preparation of debris collection sectors

before the tes•, the actual collection of the debris using a manual
collection and cataloging procedure, the measurement of the debris, and

finally the analysis of the data generated. Through BON's association
with the test program, I met Dr. Ward and discussed the potential new

approaches to the debris distribution study. These conversations led to
the concept that aerial photography could be used in conjunction with.

the manual debris study to obtain a better understanding of the arel
distribution of the debris on the test bed.

Traditional debris studies are carried out in several major steps.
In the pretest phase, a debris collection fan or a debris collection

area is prepared by clearing vegetation and spraying with dust suppres-

sant to make the collection of the debris fragments after a test easier.
Following the preparation of the debris collection fan or the debris

collection area, the test event generally takes place. During the test

event debris from the structure or from the test article Is scattered on
the debris fan. Following the test event, collection grtds are measured
or layed out in the debris collection area to facitlitate the debris

collection effort and also to determine the distrtbution of the debris

across the collection area. Following the collection effort, the debris

is cataloged and measured. In the case of the DISTANT RUNNER Test,
measurements were made of the debris size, weight, color and dimensions.
Following the measurement phase, the data is tabulated to facilitate the

analysis which is the final stage of the traditional debris collection
approach.

The aerial photographic technique differs from the traditional

approach primarily in the areas of the debris collection and tabulation.

Debris collection fans or debris collection areas must be established to
facilitate the photographic interpretation. In areas of iinimal vege-
tation ground cover, this step may not be necessary. High contrast

between the backgroutid soil and the fragment is desired since normal

1374

Irn I i I ~•I: "I- 7 - I



5I photography is in the visable specttu 'There are a wide variety of

available aerial sensors which my be able to distinguish thermal

differences, reflectance differences or other measurable differences In
the properties of the debris fragment from opposed to the background

material.

AERIAL PHOTOGRAPHIC " DS

As was mentioned previously, a concept for the use of 4erial

photography and debris study was developed by myself and Dr. Ward during

the DISTANT RUNNER Test Program. Dr. Ward was able to get support in
performing an aerial photographic approach to a debris study from the
Naval Intelligence Support Center (NISC) in Washington, D.C. They

provided photogrametric analysis of aerial photos flown by the Williamson
Aircraft Company of New Mexico to determine the debris distribution
in two of the DISTANT RUNNER Test events. This photogramnetrtc approach

to the debris study involves taking precise measurements from photos
based on the location of known surveyed points that are within the frame
of photography. Information on the debris location using this method

was plotted to approximately ± 1 1/2 feet. The coordinates of the

debris, range of the debris fragment to the shelter and azimuth from
the shelter was determined. Measurements of length and width were made

of the debris. This particular approach requires the use of sophis-

ticated computer programs and equipment and involves considerable
amount of image interpretation training.

An interpretative approach to the use of aerial photographic methods

and debris studies is now presented. This interpretative approach

provides the areal distribution of debris by the use of a grid counting

procedure. The grid count will be explained in the following section
of this paper to illustrate the success of the method in predicting

the debris hazard criteria. Debris size estimates were also developed

using the interpretative approach. Techniques for performing a grid
count and size estimates are derived from fairly standard aerial
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photographic interpretive techniques "nerally used in the forestry

Industry. These tochniques are used to determine the percent cover of
&A area by a particular vetetation type. General estimates of the size
of the debris in each collection cell were also made using procedures

adapted from forestry studies. The advantag of the interpretative
approach to a debris study is that it is a fairly simple method. It
derives informatioi directly from the photographs with no sophisticateL

equipment. It is relatively quick and easj and can provide a first
order screening and good quantitative results.

Figure 1 Illustrates an interpretative concept towards the planning

execution and subsequent analysis of an aerial photographic method used

for debris study. In the pretest phase, the major thrust of the activ-
ity is in planning. It is advisable that aerial photographic coverage

V be prepared which can be used as a baseline in the subsequent analysis.

This baseline establishes the condition of the test bed before the

explosive event. During this planning phase, a series of survey points
should be placed to facilitate the ipterpretation by providing control

points for the analysis phase. Also during the planning stage, pro-

cedures should be established for the acquisition of the photography,

its processing, and subsequent interpretation.

4 •During the testing phase, the primary emphasis is on collecting
data. During this phase, the photographs are checked as they are flown

to make sure that adequate area coverage has been obtained of the area.

Various types of cameras or other sensing systems such as infrared

4 sensors or radar sensors may be employed for special purposes in the

data collection effort. Film types may also be selected to optimize or

provide specific results concerning vegetation, thermal characteristics
or other measurable properties. In this phase, the execution of the
collection scheme devised during the planning stuge is completed. The
collection scheme insures that the photographic and engineering criteria

have been met and that overlap and sidelap provide the stereographic

projection necessary in an analysis.
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Tv the poottest phase, the .hasis is on tih anlysis of * detoU
collected during the testing phase. In this phase(, in the interj'r*-
tative concept, the debris fragments are located a* coufted, estimates
a-e aside of their sitze, and information concerning tte explosive effects

can be detrmined from the photographs.
In Figure 2, the interpretation methodology ea•loyed in performing

the analysis of the Event 5 photographic information from the DISTANT
RUNNEP Test is Illustrated. Indicated on the bottom of the cattmn is

the actual test bed. Above the test bed the coverage provided by the
various flight lines is shown. In the DISTANI RUNNER Test, color aerial

photography was flowq of the test area at a variety of altitudes and
photo scales. Above the sensor coverage I have lilustrated a collection
grid which I employed to count the debris and note Its distribution.

The uppermost item is the data sheet on which the debris counts and size
estimates were transcribed. In applying this method of interpretation,
I would like to note the following. The scale of photography was
approximately 1:723. This photo scale was good enough to determine

debris fragment size to approximately 6 Inches in linear dimension. A

debris fragment of this size would have an approximate weight of 5 to (O
10 lbs. for a concrete fragment and is somewhat above the actual debris
hazarao criteria used to determine quantity distance relationships. Two
techniques were used Co determine the debris count in each grid cell.

The primary interpretation was individual debris count. This was per-

formed by physically counting the visable debris fragments in each. grid

cell or by estimiting a percent cover of the grid cell by debrris frag-

ments. A second methud of determining debris count was done using an

estimation technique. Percent cover estimates were maJe from a forestry
service approach which compares a known coverage density template to the
actual test bed density coverage. Knowing the size, density and the

area of the cell, debris count approximations could be made.
Debris in the collection fan could easily be identified using a

traditional interpretative criteria of size, sisape, shadow, texture, and
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tone. In the areas that had been cleared for the manual debris effort,

interpretation effort was relatively easy.

Estimates of the size of the debris were based on a comparison to a

template which had knowa scale size dots on it. I did not pursue any

further interpretation or analysis of the debris size information.

although it may be of some use in other studies. Two problems were

encountered in the debris count interpretation. This particular side of

the sheltor was vegetated by desert scrub brush and in the areas adjacent

to the debris fan, the brush tended to mask of the debris. Secondly,

not all areas of the debris collection area were covered with stereo

photography. Gaps existed In the stereo photography and limited the
interpretation approximately 900 feet away from the shelter. The stereo-

scopic coverage provides vertical exageretion which is a great asset in
identifying the debris fragments. In these gap areas, a niono-inter-

pretatios technique was used wherein the debris ilas counted without the

benefit of the stereoscopic coverage.

In Figure 3, I have indicated the analysis methodology which

Dr. Ward developed in his debris arealysis. I use it here for s'mplicity

in makinq direct comparison of the interpretative approach to the

manual approach. On the left hand side of the figure, we see the debris

collection fan. I used a 10 degree fan which extended slightly beyond

the 5 degree fan used for the manual interpretation technique. This

allowed me to see the difficulty in performing an interpretation out-

side the prepared area. The jagged edges of the debris collection fan

represent the masking of my collection grid onto the debris collection

"fan. In performing the analysis, I used an Apple minicomputer with

the Vlsicalc software program. The debris grid counts were transcribed

into the Visicilc program and analysis performed. A detailed explana-

tion of the analysis methodology can be found in Dr. Ward's publication.

Debris counts were summed across the rows as indicated in the hash-

marked area, N.6.. represents the actual count of debris. with a dimen..

sion greater than six tenths of a foot. A comparison to the allowable
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debris fragments for this area based on the criteria of one impact per

600 square feet was made. This is represented by NA. The range (R)
to the row in the collection grid was indicated further to the right in

the Visicalc program. With these values three measureant parameters
were derived which were plotted in subsequent figures. The first (Figure
4) Is the actual debris count plotted against range and yield. Dividing

the number of debris fragments actually counted in the row by the

allowable number of debris fragments for that row for a criteria of 1

impact per 600 square feet normalized the data and provided the vertical
axis in these plots. This information was plotted against the scale
range for the test event.

Figure 4 shows the debris distribution plot to the side of the

shelter In Event 5 of the DISTANT RULNNER Test. The triangles represent

the data collection points as determined by Dr. Ward in the traditional

approach. The boxes represent the aerial photo grid count. It can be

seen that the data generally lie along the same trend line. A simple
linear regression of the data and derived the following equation.

R/W 1/3 a -18.9 (Log N/NA) + 64.7

r .9579 where r 2 *m-aOy

It can be seen that the data did not extend across the debris hazard

criteria level of one debris fragment per 600 square feet. An extrap-
olation of the data indicated that the scaled range for a debris hazard

criter'a of 1 impact per 600 square feet would be approximately 64.7

1/3
Dr. Ward, in his work, found that in doing the debris study for

many debris fans in the DISTANT RUNNER Test that the raw data often

did not provide a distinct trend line to the criteria level. To help
smooth the data he performed an averaging routine in which a mean

A.6"". NA value is assigned to the midpoint of the fan. To do this,
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he took the total debris count of friisnts picked up in the manual

K , collection and divided It by the total allowable fragmnts for the

entire fan. The resulting value vas assigned a range at the midpoint of

the debris fan. Subsequesmt points were determined by sequentially

taking awy the actual debris count in a sector closest to the shelter

and the allowable debris count for that sector. This averaging process

smoothed the data. That same calculation was formed with the aerial

photographic study and both the manual and aerial plots are shown in

Figure 5. Witth this data, a linear regression of the photographic data

provided the following equation.

R/l1/3 - -. 9097 ("7"a + 64.14

R 2 . .9735

This linear regression equation, when extrapolated to the debris hazard

criteria level, provided a value of 63.2 R/W1 / 3 . Dr. Ward's analysis

for the debris to the shelter side indicated a value of 61.7 R/W1 3 .

Thus, it can be seen that the photographic interpretation prov'ides an

extremely close estimate. to the debris hazard derived by the rwanual

inteArpretation approach.

CONCLUSIONS AND RECO9"ENDATIONS

Analysis presented here is a simple, yet effective approach to a

generally complicated problem. The results from this data compare very

favorably, with the results of traditional manpower Intensive debris

collection methods. By comaparison, a total of 20 man hours was spent in

producing this analysis. This compares to approximately 180 man hours

in producing the debris analysis using a traditional method. Thus, the

photographic approach accomplished very similar results in approximately
one tenth of the time. This could allow a very great saving in the use

of the manpower intensive manual surveys. It is certainly not to say
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that it would be done away with it entirely. Manpower surveys are

still desirable to provide information on actual debris size and measure-
ments. However, the aerial photographic technique could allow tradi-

tion survey to focus on the critical areas which in the DISTANT RUNNER
Test was in the 60 to 65 R/W1/ 3 vicinity. This may save a good deal
of effort and expense.

I would suggest the following recommendations.
First, aerial photographic techniques ought to be considered to

supplement future debris studies and further prove their applicability
to this area of technology. They may he used to screen the debris
information and allow traditional techniques to be focused in selective
areas or, depending on the study requirements, they may be used as the
basis of the analysis of future debris studies. One particular advantage
of an aerial photography is that it becomes a permanent record of the
test and can be analyzed and re-analyzed at future times.

The secov;d recommendation is that planning for aerial photographic
coverage is vital in performing any kind of a study. Aerial sensors
need not be limited to photography in the visible spectrum. Infrared
cameras and infrared film have the advantage of being able to detect
thermal differences which may be an easier method of plotting debris
distribution. The collection plan and how its execution is also extremely

important. The mission plan, sensor plan, area coverage, photo scale,
and the criteria for stereo photography In the areas of critical importance
must be considered and properly executed in future studies. Finally,

aerial photo planning is vital to insure that the criteria for mono-

interpretation, stereo interpretation or mapping quality photography be
considered in the planning stages so that the proper tools are available
to perform the analyses.
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. INTRODUCTION

The Departmet of Defense Explosives Safety Board (DOESB) is conducting a
continuing program to evaluate the fragment hazards produced by the accidental
deo t im o 1 Qfjtr*d MmantiotnL. In support of this effort, the Navel Surface

•--Wapouns Center w~asa funded in July 1975 to conduct the Fragment Hazard Investi-
•e purpose of the program is to provide the DDESB with the

necessary fragmentation data to improve or to substantiate the quantity-dis-
tance (QD) standards for the safe and efficient storage of stacked munitions
according to specific hazard classifications. The ultimate goal is to provide
a methodology for the determination of QD standards for all hazard classifi-
cations. The hazard classification under investigation in this report is the
Non-Mass Detonating Ammnition (Class 1, Division 2).

'he ammunition tested in this effort was the Navy 40 wm AA cartridge
(Category 04) and the Amy 105 mm cartridge (Category 12). These ammunitions

can be expected to detonate progressively when exposed to a fire. Far-field
fragment collection tests were conducted using several pallet stacking con-
figurations of both ammunitions Supporting analysis was attempted to develop
a capability to predict the far eld fragment density.

2. TEST PROGRAM

2.1 Background

The test program was designed to evaluate the far-field fragment
density resulting from the exposure of increasingly larger stacks (up to 36
pallets) that were exposed to a wood-fueled fire. The collection areas
utilized were the sites at the Naval Surface Weapons Center (NSWC) and the
White Sands Missile Range (WSMR).

2.2 Test Procedures and Configuration

2.2.1 Far-Field Collection Test

2.2.1.1 40 mm AA Ammunition
The collection area for the 40 mm AA ammunition tests was designed to

bracket the existing QD requirement of 400 feet (Category 04). The NSWC
collection area used for four ýests (4, 8. 9 and 18 pallets) consisted of a
180 sector subdivided into 30 collection zones. Each zone was 100 feet wide
and from 200 feet to 600 feet long. The testoof 36 pallets was conducted using
a collection area at the WSMR which was a 360 area subdivided into 10 zones.
Each zone was 200 feet wide and from 200 feet to 1600 feet long.

Detonation of the pallets was accomplished by building a wood "Tee
Pee" around the stack. The wood was ignited using thermite grenades and
gasoline.
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The collected fragments were counted according to their spatial
recovery zone. The fragments from some of the zones were weighed,

2.2.1.2 105 m Cartridge

The collection area for the 36 pallet 105 mm cartridge test was the
same as that used for the 36 pallet 40 mm AA test. This area bracketed the
existing QD criteria of 1200 feet (Category 12).

Detonation of the ammunition was accomplished Indentically to the 40 km
AA ammunition tests. The collected fragments from some of the zones were
weighed.

2.2.3 Observations

2.2.3.1 Far-Field Collection Tests

2.2.3.1.1 40 mm AA Ammunition

The first two tests of the series were conducted using one and two
pallets to determine the type of reactions which would occur. It was found
that the predominant reaction was ignition of the cartridge case propellant
which expelled the projectile at low velocity. The projectiles then reacted
while engulfed in burning wood and propellant. Projectile reactions varied
from pressure ruptures to near total detonations.

Far-field fragment collection was conducted on the subsequent
tests (4, 8, 9, 18 and 36 pallets). Reactions were similar to the first
tests except they were more numerous and prolonged. Tables 1 through 5
present the recovery data. It was found that debris (cartridge cases,
containers, etc.) was primarily contained-within 500 feet of the test site.
Fragments recovered at 1400 feet. The unreacted afmnunition remaining after
the test presented a tremendous ordnance disposal problem.

2.2.3.1.2 105 mm Cartridges

The first test was a one pallet (32 rounds) test to determine the
type of reaction which would occur. It was found that the projectiles
detonated individually at intermittent intervals for approximately 45 minutes.
Several live projectiles were recovered. A follow-on test of 36 pallets was
conducted with far-field fragment collection. Projectile detonations occurred
intermittently for approximately one hour. Numerous live projectiles and
cartridge cases were recovered after the test.

The recovery data for the tests is presented in Table 6. Debris
(cartridge cases, fuzes, etc.) was generally contained within 800 feet of
the stack. Fragments from tMe projectiles were recovered up to 1600 feet
from the stack.
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3. ANALYSIS OF RESULTS

3.1 Fragment Weight-Number Distribution

3.1.1 40 mm At.

Figure 1 prýsents & comparison of the fragment weIght-number distribu-
tion (MOTT plot) for each of the pallet tests. It can be seen that the slopes
of a first order least squares fit to each data set are quite similar. This
indicates that the breakup of the projectiles and cartridge cases did not
change as a result of increasing the nLmnher of pallets In the stack.

3.2 Fragment Density

3.2.1 40 ram AA Cdrtridge

Figure 2 presents a comparions of the miaximum total f•ragment density es
a function of range for the five pallet configurations tested. The data show
that increasinr the number of pallets in the stack doer not result in a
directly proportionel licrease in fregment denjity. Furthermore, t4 otal
fragment density exceeded one fragment/600 ft (0.00167 fragment/ft ) beyond
the QOD criteria of 400 feet for the 8, l and 36 pal ict tests.

3.2.2 105 m Cartridge

Figure 3 presents the maximum total fragment fragment density for the
36 pallet test. The data show that the 1200 feet QD require&-,t is adequate
for the 36 pallet cunfigdration tested.

3.3 Hazardous Fragment Density

The existing QD criteria consists of the distance at which the hazardous
fraqwmt (terminal kinetic e~ergy 58 ?t-lb) density is less than one fragment/
600"ft (0.00167 fragmeni.-ft ). The tests of 40 mm AA ammunition showed that
the total fragment density exceeded this value at the 4U0 foot distance.
However, the total density included both hazardous and non-hazardous fragments.
The determination of whether a particular fragment is hazardous requires
fragnent mass and terminal velocuty. The existing data contains only fragment
mass data. ?arious assumptions can be made as - this velocity of fragmentsat different ranges, but the validity of any of the assumptions cannot be
determined. Consequently, it is unknown whether the observed. densities violate
the existing QD criteria for 40 mm PA ammunition.

4. CONCUUSIONS

The far-field collection tests of 40 mm AA ammiinition indicate that the
QD criteria may be inadequate. Insufficient data has been developed for the
105 mm cartitidge to deteririne the adequacy of the QD criteria. The use of far-
field collection tests to determine QD criteria for non-mess detonating ammunition
is undesireable because of the enormous ordnance disposal problem and the
Sinability to evaluate hazardous fragments.

1390'
S. , • .•• : • . .... . . - • " "• - " • " 1 ) .... . . - iii i i



'V 5. PLANS

A Monte-Cario simulation model to predict hazardous fragment density formass-detonating amunition (Class 1, Division 1) has roecently been develooedat the NSWC (Reference A). The model should be adaptable for use with non-mass detonating ammuni:ticn. A series of fregmentation characterization testsof the individual 40 mn and 105 mm rounds is now in progress to collect the
data (tragment ejection angle, velocity and shape factor) necessary to exercise
the model. It is expected that the results of this approach will be available
by June 1983.

6. REFERENCES

A. McCleskey, F. R., Quantity-Distance Prediction Model; Minutes of
DDESB Symposium
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SUSCEPTIBILITY OF EXPLOSIVES TO ACCIDENTAL INITIATION

I i 9 ~ \by

Robert Peterson

Naval Explosives Development Engineering Department
NAVAL WEAPONS STATION

Yorktown, Virginia

C August 1982

Quantitative laboratory test data is useful in predicting the response of0 explosives to thermal stimuli, however, that is not so for predicting the
minimum mechanical (shock, impact, friction, etc.) stimuli to cause an explo-
sive Initiation.

If incident energy can be channeled or reinforced and focused on an
unknown small quantity of explosive and result in a hot spot initiation, and
focusing may be a function of configuration, cracks, voids, foreign material,
viscous shear, etc., then there are too many unknowns to make predictions, or
devise a truly quantitative sensitivity test method.

Existing sensitivity test methods can then only provide a qualitative
I, insight into the probability of the occurrence of accidental initiations.

Deriving that insight or feel for explosive sensitivity from the vario'is test
methods is not easily accomplished. Criteria for a "go" may be a bang, flash,
violent reaction, overpressure, or evidence of a sustained detonation.
Compounding that confusion, is the multitude of units of measure to report
results - millimeter, centimeter, inch, feet per second, milligram, etc.; the
effects of density, charge preparation, particle size/distribution, and addi-
tives such as wax and aluminum. Then when apparently similar type test
methods do not produce the same results, it should be no surprise if only the
experts can interpret that data. An unfortunate consequence is that the

. ;majority of people working with explosives or making decisions regarding them
should have extreme difficulty in assessing their relative hazards.

Though of little quantitative value, the spread, or range, of each test
method's results do provide a "scare" index in the units of measure employed.
Since it is difficult to remember the significance of the millimeters, cen-
timeters, inches, feet per second, milligrams, etc., and the varying results
from similar test methods, equations to convert results from 12 test methods
to a common scare, or Susceptibility Index (S.I.), are offered. An arbitrary
scale from 0 to 250, where:

0 - 50 very sensitive

51 - 75 potent, take care

76 - 100 energetic, treat with respect

101 - 150 medt iu

151 - 200 nice to work with

201 - 250 practically inert
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Since an explosive may appear relatively insensitive in one test and
extremely sensitive in another, all results must be considered for applica-tions of that explosive. The common scale (S.I.) makes those abnormalities
easier to recognize.

For conversational purposes, an ordering of explosives in their apparent
sensitivity is desirable. Use of rankings in each test method would require
all explosives tested in all of tne methods; secondly, the relative sen-
sitivity in a test method would be obscured. For example, explosives x, y,
and z might have drop hammer impact values of 20, 24, and 70 centimeters, but
rank 1, 2, and 3. Averaging the common unit S.1. values provides an ordering
system that avoids those problems.

For the ordering, a representative value is needed for each explosive in
each test. In the solid charge tests, each explosive can have many values
depending on the density of the test sample. Graphing test result versus
charge density (Figure 1 example) facilitated selection of an expected test
result of each explosive at its "working density" (arbitrarily chosen at 98%
of its Theoretical Maximum Density (T11))).

S.]. conversion equations, listed in Table I, apparently reveal the
ffective ranges of the various methods. Correlations between test methods,
able 11, may be useful in avoiding redundant testing.

Sixty-two explosives were evdluated in NWSY TR 81-6, Susceptibility Index
of Explosi t A-ccidental Initiation. A sampling of their sensitivity
ordering, Table e provides the test resul.t iU its own particular unit of
measure-4 -' eow it the equivalent S.I. vaiue.- The overall average S.I.
value was calculated using the average gap and drop hammer values, and indi-
vidual values from the remaining tests. PBXN-105 illustrates how deceptiverelying on one test method result, or the average of several, could be.

To aid in evaluating sensitivity test results, it appears that:
j '(l•Explosr that can be pressed as well as cast should have separate

"identities since the pressed version may be markedly more sensitive.

b.k)Graphing % TMD versus result for solid charge tests provides the user
with information appropriate to his needs, and also reflects the
degree of control of the test variables.

c.O}brop hanmmer impact response is strongly influenced by the most
sensitive ingredient in an explosive, do not expect it to agree with
a solid charae test method

,j)d.t•estluminlzing a composition may or may not sensitize it, depends on the

Appropriate conversion equations could probably be developed for other,, sensitivity test methods, facilitating the comparison of their results with
those shown here.

"_>This approach to developing a feel for initiation susceptibility, by con-
sensus of opinion of the test methods, expressed in a common unit of measure,
ii a simple, straightforward (at least to this non-sensitivity test expert)
means of conveying a considerable amount of useable information to those who
need it most - at the working level
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TABLE I. EQUATIONS TO CONVERT TEST RESULT UNiTS TO
SUSCEPTIBILITY INDEX VALUES

NOL LSGT, S.I. - 236 - 2.77 x [gap (nm)]

NOL SSGT, S.I. - 190 - 16.9 x [gap (mm)]

LANL LSGT, S.I. - 267 - 3.4 x [gap (mm)]

LANL SSGT, S.I. = 105 - 12.6 x [gap (min)]

LANL Minimum Priming Charge, S.I. = 2.8 xjweight (mg) + 64

LANL Wedge, S.I. = 61.4 x hickness (mn•) + 38

LANL Rifle Bullet, S.I. = 0'.025 x [velocity (ft/sec)] + 16

NWL/D SUSAN V-50, S.I. = 0.35 x [velocity (ft/sec)] + 26

NWL/D SUSAN LVR, S.I. = 0.11 x [velocity (ft/sec)] + 41

NEDED Drop Hammer Impact, S.I. - 25.4 xV'[helght (cm')'] - 71

NOL Drop Hammer Impact, S.I. - 14.9 xVf[height (cm)'] - 20

L/,NL Drop Hammer Impact, S.I. 17 xV•jeight (cm)] - 32
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TABLE II. CALCULATED CORRELATION COEFFICIENTS
J CorrI atl ain

Test method coefficient
Erxy

COMPARED TO AVG GAP TEST:

NOL LSGT .986
LANL LSGT .979
NOL SSGT .963
LANL Bullet .933
Drop Hammer Impact (mono explosives) .895
LANL SSGT ,a38
LANL Minimum Priming Charge .685
Avg Drop Hammer Impact .557
NWL/D SUSAN V-50
LANL Wedge .2b4
NWL/D SUSAN LVR .175

COMPARED TO AVG DROP HAMMER IMPACT TESTi

LANL Drop Hanoner Impact .980
NOL C op Hammer Impact .979
NEDED D,-op Hammer Impact .977
NWL/D SUSAN LVR .728
LANL Pull1et .709
NWL/D SUSAN V-50 .648
LANL Minimum Priming Charge .254
LANL Wedge .157

COMPARED TO SUSAN LVR TEST:

NWL/D SUSAN V-50 .700

( 1405
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Twmperature-Controlled Large-Scale Impact Sensitivity Tester

I (I. B. Akst, W. C. Chiles, and JP B. Ramsay

University of California

Los Alamos National Laboratory

20 th DoD Expiosive Safety Seminar

Norfolk, Virginia

August 24-26, It6?

Work Supported by

AFATL/DLUE

High Explosives Kesearch and Development Laboratory

Eglin Air Force Base, Florida

Project Manager: T. F. Floyd
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f.owing the sensitivity of liquid, partially molten, or hot and cunfined

explosives to impact loads would enhance the s3fety engineering of two

explosives-handling operations: (1) in processing, e.g. in melt-casting or in

heated pressing of plastic bonded explosives; and (2) upon return of munttions

exposed to heating, e.g. externally carried weapons after supersonic flight.

As an example of the latter problem an explosion occurred during the static

heating of a 2,000 pound Tritonal-filled MK 84 general purpose bomb at the

Armament Development and Test Center (ADTC), Eglin Air Force Base. 1  During

the heating cycle the Tritonal (80/20 TNT/aluminum) reached 155"C at which

time the bomb exploded. The melting point of TNT is 81"C. The incident

involved the sensitivity of a mixture of liquid and solid material. No cause

for the explosion was found.

I*1 '-',_ \Sensitivity to handling accidents for solid, cool explosives can be evalu-
ated with considerable confidence, because there is an extensive body of data

obtained both at the laboratory scale atid in the field for comparison. How-

ever, the safety of handling liquid explosives, particularly under field condi-

tiens, is considerably less predictable. Phenomena such as cevitation, foam-

ing, and bubble compression affect drastically the initiation behavior of

liquid explosives to mild impact. Duplication of potential accident situations

is intractable and it is necessary to use tests that simulate various field

conditions.
One test thaas been used in Europe for testing liquid explosives is

called the "drop-tube"test, ir. which a long heavy-walled, closed, steel tube

filled with liquid explosive is dropped from various heights onto an anvil.

The drop height at which reaction is observed is a measure of the impact sensi-

2tivity of the liquid. The test was first used by Zippermayr during an

investication of an accident involving a commercial explosive consisting of a

1408 C



mixture of nitric a&id and dinitrobenzene. Further experiments were performed

3by Lundborg using nitroglycerin. Lundborg showed, contrary to expectation,

that the drop height required for detonation increased with the thickness of

the air gap between the top of the liquid and the tube closure. He observed

that the reaction started at or near the top of the tube, rather than at the

bottom. He also found that the drop height was inversely proportional to the

tube length; a one-meter tube required half the height of a 0.5-meter tube,

other conditions being equal. Johanssen4' 5 analyzed the development of the

shock waves in the system, and argued that initiation in the liquid occurred

• because of the interaction of a wave reflected from the top of the tube with a

wave travelling upward from the bottom. A complete discussion is provided ip

Sthe book by Joanssen and Persson. 6 French scientists have worked on a

numerical model of the test and suggest that cavitation along the walls is

important. 7

In discussions with HERD personnel, we decided to perform a few tests to

investigate the applicability of the drop-tube test to evaluate the sensitivity

of molten and partially melted explosives, particularly as related to the MK

84 bomb incident. There is no backlog of data for direct comparison, but the
preliminary data would be useful to indocate any undue sensitivity of TNT-based

material to this type of impact and to indicate whether the technique should

be developed further. Some initial experiments were performed with nitrometh-

ane at ambient temperature using the Los Alamos drop tower. No evidence of

"reaction was observed for ambient temperature nitromethane (with and without

20 weight percent aluminum) in 0.5- and 1.0-meter long steel tubes with an

internal diameter of 25 inm and a 1.3-rm air gap for drop heights up to

44 meters. These tests showed that proper instrumentation of tubes at high

temperatures, up to 150"C, would be difficult on the drop tower.

C 1409
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We have designed and used a machine in which a stationary tube is struck

with a rotating hammer. In this way the tube can be fully ins~rumented with U
heating tapes, thermocouples, and accelerometers. Several tests were

performed on molten TNT and Tritonal using a preliminary version of the

rotating hamer machine, but some bending of the hanmer arm was noted, making

interpretation of the impact delivered difficult. The machine as finally

designed is shown in Fig. 1. The steel hammer, 7.6 cm in diameter and 15.2 cm

long with a mass of 5.1 kg, swings on a counterweighted steel arm 90 cm in

radius. The mass of the rotating system is about 25 kg and the rotational

speed of the hammer is controlled by a variable-speed motor. The speed is

monitored by measuring the time of a half rotation. A tube, 50 cm long, 2.5

cm ID with a 0.3 cm wall holds the explosive. During the time required for

the hammer-and-arm system to reach the desired speed (equivalent to the

velocity of impact from a pre- selected height) the tube containing the

explosive is held out of line of the arc swept by the hammer. After the

hammer reaches the desired speed the tube containing the explosive is rapidly

swung into position for the hammer to strike the bottom of the tube. The tube

cradle allows the tube to fly upwards without significant restraint. The

amount of explosive loaded in the tube is controlled to leave a small air gap

of about 1.3-mm at the top at the desired temperature.

The machine was instrumented to measure hammer speed, acceleration imparted

to the tube, and to heat and control the temperature of the explosive. All

tests have been monitoreo by remote television; most also used cinematography

at 500 to 1000 frames per second. Figure 2 shows an accelerometer record

ob tained for a Lest with a hammer velocity of 22 m/s just prior to impact.

Since the machine and tests are new, we wish at this time only to describe

it, as we have just done, to relate the results of the early tests, and to

comment on the apparent initiation mechanism.
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Table I gives the results obtained for TNT and Tritonal obtained with the

first machine. A reaction, but no detonation was observed with Tritonal at an

equivalent drop height of 52 meters. No reaction was observed for TNT at an

equivalent drop height of 49 meters, the highest tested for neat TNT.

As part of another project to investigate the role aluminum powder plays

in the initiation of Tritonal, a surrogate material consisting of 80120 TNT/

lithium fluoride was used. Lithium fluoride has approximately the same density

as aluminum but is chemically inert compared to aluminum. This material has

been nicknaed "Tolif." Tolif has been tested at 1I0*C and Comp B at 110"C on

the new macnine. In no case has a full high-order detonation been observed,

but a reacticn was observed with Comp B at a drop height of 25 meters at 110"C,

and there was no reaction at 18 meters. Tolif reacted at 45 and 25 meters, in

the only two tests to date. Fragments from one of the tests in which reaction

occurred are shown in Figure 3, and they clearly indicate that the reaction

S..started some distance down from the top of the tube.

This work and the earlier work of Lundborg and Johanssen show that initia-

tion of reaction in liquid explosive can occur by the reinforcement of low

pressure waves ii the system. Extensive work will be required to develop a

reliable data base for corparison of the impact sensitiveness of different

liquid a.ic hot formulations. The "drop-tube" test does appear to be useful

for compaying liquid materials and for impact tests at high temperature. If a

drop towe'" is available, equipping it with break-away electrical connections

to permit a clea.n drop could simplify the instrumentation. The rotating haimmer

tracV-in, is usesable it. smaller scale facilities and delivers an easily charac-

terizablk impact to the sample. It reduces some of the error probablities

:nherent in drop testing and may be preferred since it does away with the need

for a tower. Either way, an organization engaged in or contemplating large

1413



Table I

Drop-Tube Results Using the Version 1 Rotating Hammer Machine C

Hammer Mass - 5.4 kg; Tube Mass - 2.1 kg

Tube Geometry: 25.4-mm inner diameter, 3.1-mmi wall, 0.5 meter long
Air gap betweeen top of liquid at 150%C and tube cover = 1.3 mm
Temperature - 152 to 153C for all tests

Equivalent Tube
Test No. Explosive Drop Heighta Velocity Energy Result

.meters) meters/sec) (joules)

C4943 _TNT 21.3 15.4 296 No Reaction

C4950 rNT 48.6 23.5 688 No Reaction

C4968 Tritonal 52.0 Not Observed -- Fire Ball
SC4986 Tritonal 46.2 23.5 688 No Reaction

C4991 Tritonal 30.6 30.6 1173 Top Seal

Burst

c50 18b Tritonal 50.3 23.4 688 No Reaction

Equivlet op heifit -i'sase- on a rigid-body collision between the
hammer and tube. It is computed solely from the initial hammer velocity, ard
is for comparison purposes only.

bThe filled tube was heated to 151C and cooled to ambient three times
before being heated and subjectea to impact.
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scale use of hot, liquid or slurry explosives in strong confinement should

se,-iously consider studying or following studies of this kind of sensitivity.
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A Review of Recent Impact Sensitivity and Not Spot Investigations

"C. S. Coffey, V. DeVost, S. J. Jacobs and 3. C. Kayser

Naval Surface Weapons Center
Silver Spring, Maryland 20910

ABSTRACT

1Ouring the past few years, at the Naval Surface Weapons Center,

there hab been an effort to understand the basic processes responsible

for hot spot formation and ignition in solid propellants and explosives

under impact loading conditions. This effort has resulted in the develop-

sent of a now and versatile impact machine as well as a number of new

instrumentation techniques. Shear and fracture have been identified

as the most likely sources of hot spot generation. A fundaMItcal under-

standing of the processes responsible for shear induced energy localization

and potential hot spot generation has been obtained. This paper reviews

act these results as well as some recent developments in the related areasA! of explosive response and heating due to cracking.

INTRODUCTION

The problems and frustrations associated with impact machines are

well known to all those who are familar with explosive safety testing.

In this paper, we review some of the more recent impact nachine developments

at the Naal Surface Weapons Center (NSWC) which shed some light on

these problems. The effort at NSWC is aimed at furthering our basic

understanding of the processes responsible for hot spot formation and

ignition in solid propellants and explosives due to impact-like loading

conditions. Many of the problems and apparent contradictions which

in the past have been associated with impact machines were really due

to an inadequate understanding of these basic processes. While there

is still much to learn, we are now in a position to dispel so of the

confusion associated with impact testing.

We begin by providing an analysis of the forces on the impact machine

which is sufficiently general to be applicable to most of the commonly

used impact machines. With these results in hanc, we describe the design

philosophy on which the new NSWC impact machine was built, and briefly

describe its capabilities. Early in the project it was realized that

( [1417
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to be of any value, the impact machine had to be adequately instrumented.

This instrumentation, much of which was designed simultaneously with

the design of the new impact machine, will be described.

In parallel with these efforts, other efforts were made to understand

the fundamental processes that are responsible for hot spot formation

under impact loading conditions. It was shown experimentally that shear

is the most likely cause of hot spot formation, and that pressure apparently

has no direct role to play other than to provide a driving force for

the shear motion. This data will be reviewed. At the same time, in

a theoretical effort, it was shown that the action of shear and sudden

failure of an impacted crystalline sample can be understood in terms

of an avalanche of rapidly moving dislocations. This avalanche, associated

with the sudden mechanical failure of the crystal under impact, produces I
a large amount of local deformation and local heating. These local

hot spots are potential ignition sites. An overview of these results

is given. Also, current research in the areas of explosive response

and heating at the tip of a propagating crack will be briefly discussed.

It is to be re-emphasized that this work is research oriented and

not testing oriented. We did not run large numbers of samples nor did

we use the Bruceton Up-Down Method or similar methods to determine sensitivity

drop heights. We did run large numbers of tests to determine if the

impacts were repeatable, which they were. All experimental results

were repeated at least 5 to 10 times to establish constancy. Equally

important, we do not have all of the answers to questions concerning

the impact machine, more remains to be learned. Getting on with this
task is important not only for the fundamental reasons mentioned above,

but also it is beginning to appear likely that the tmall scale, well

instrumented, impact experiments and their derivatives may be able to

provide insights into the events that lead to hot spot formation and

ignition in large scale experiments. Because of their ultimate destric-

tiveness, large scale experiments are, and likely will always be, both

very expensive and ,ery difficult to instrument.
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AXILYSIS OF IMPACT MAC •NUa

5m Attempts to understand the response of energetic materials in an

impact machine are of little value unless the bare tool response of

the machine io understood. This is so because the bare tool response

determines to a large degree the rate and mplitude of loading that

the sample experiences. There are several ways of treating this problem,

the most accurate of which would be a detailed computer code analysis.

This approach, it turns out, is an unnecessary overkill. We have found

that a w tisfactorily accurate approach, that emphaizes the physics

of the impact process, is to treat the machine as a collection of uses-

spring elements with one element for each component of the impact machine.(1)

Thus, an impac, machine consisting of a drop weight, a striker-anvil,

and a massive basse can be simplified by treating these components as

a series of mass-spring systems as shown in Figure (1).

K1g D0ROP WRIGhT

. K
1(3 STRIKER AND ANVIL

1 r2
t 2I~ B ) ASE

Figure 1. Lumped Mass-Spring Elements

If the striker has a rounded end on which the drop weight impacts, this

feature can be treated as an additional Hertzean (non-linear) spring.

We will not treat this case here since most of our impact machine design/

configurations have no strikers for reasons which will become apparent

shortly. For each mass-spring system there is an equation of notion.

In the case of the impact machine represented in Figure 1 there are

three equations of notion.

1419
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N1 X1 0 - Y(1 - X2 - 13)

M2x 2 * - K2 (X2 - 13) + KI (XI ox 2-X3 )

it 03 0 - 33 2+ 3 (12 - 13)

Xl ., • - LiClO)

Xl L 5.. M I (0
X:-i2 (t) ,- 120)

X3 - 3 (t) -L 3 (O))

These are coupled oscitlator equat•9je in which the natural frequency

of each element has the form w ; K is the spring constant and

M is the mass of each element. The typical impact machine@ have bases

whose mass exceeds, by several orders of magnitude, the masses of the

striker-anvil and drop weight. Therefore the base can be t:eated an

immovable because the response time of the massive base is much longer

than that of the striker-anvil or drop weight systems. The remaining

two equations can be solved using Laplace Transform teciniques to give

the displacement of the striker-anvil as(1)

Th foc a K ( ) m sin -t snr
The force on the striker-anvil is just F2 (t) = 12 x2(t). The total force

is the sum of the forces due to oscillations of both the drop weight

and the striker-anvil. When these forces go negative, rebound occurs

and the analysis is stopped at this point since rebound is not of interest

to us. The agreement between the above predictions and experiment has

been checked for striker masses of 25 grams to 2.5 kg and has been found

to be quite eood.

When three or more mass-spring elements are included in the analysis

or when a curved interface is present, the problem can be easily solved

by a numerical analysis scheme similar to that used in one-dnaunsional

hydrodynamic code modelling. Models of this approach have been solved

with four mass-spring pairs on a programmable hand calculator.

From these results, it is apparent that the combined ringing of

the drop weight and striker-anvil can add to give a rather complicated

force history. In order to simplify the loading history that a sample
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would experience, in designing the new WK impact machine, we chose

get- to operate either without a striker, in which case the ample is covered

with a thin metal or plastic shim, or with only a very low mass striker
(W23 S). For bare toils this results in a clean nearly half sine

Oe7o loading pals* whose period is determined mainly by the natural

frequency of the drop weight. There is yet another, equally camelling,

reason to avoid .he use of massive strikers and that is that although an

explosive sample may have sufficient strength to support the veight of

the striker, it is really quite soft compared with the loading forces

of impact. Thus, on impact, the striker sees a relatively soft ample,

and so initially moves away from the impacting drop weight with about

twice the velocity of the drop weight. The sample is squashed, expanding

until it can support the force of the striker whereupon the striker

rebounds, and flies free for a short while. Shortly thereafter the

striker reencounters the still downward moving drop weight from which it

rebounds and strikes the &mple ag&in. This sequence c&n occur as many

as 3 to 5 times during a single drop, and in any one of these cycles the

sample night react. When multiple impact occurs, it is very difficult 'o,

interpret the actual cause of the initiation.

tr..,Our current impact machine has a chcice of drop weights ranging

from I kg to 10 L-S. These give impact loading duration from 120 to

400 us. The smaller weight in designed to give impact stress pulse

rise times of about 5 js which is approaching the stress pulse rise

time of the Hopkinson bar. The impact machine, shown schmeatically

in Figure 2, stands about 2 a high. In order to get higher effective

drop heights, the weight can be accelerated by elastic shock cords.

In this vay, drop heights in excess of 20 m can be obtained with a I kg

drop weight.

To avoid the uncertainties often associated with samples in the

form of loose powders, we generally employ sonples in the form of pellets

5 mu in diameter by I mm high. This size permits the sample mass to

be approximately equal to the 35 mg used in the URL-Bruceton machine.

With a 5 kg drop weight; the NSWC machine repeatedly sets off dried
PTN pelletr at an 8 or 9 cm drop height and TATB pellets at an

equivalent drop height of nearly 5 m.
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Figure 2. Schematic of WSWC Impact Machine

The pressure profile across the diameter of the pellet during impact C

has been determined both analytirally and experiventally.( 1 ' 2 ) It has been

show that the pressure during impact has a muximm value at the center
of the pellet disc and falls rapidly to the yield stress at the edge

of the disc. During a typical impact, say from releasing a 5 kg drop

weight from 100 cm, the peak pressure at the center of the disc may

reach 1.0 Gpa (10 kb) and fall to a typical yield stress of perhaps

150-300 psi. It is straightforward to show that during impact the shear

strain and shear strain rate attain maximam value at the outer edge

of the impacted disc. What is significant is that at the threshold,

ignit-ion always occurs in the region very near or at the edge of the

sample disc in the region of lowest pressure and highest shear, The

experiments showing this will be described shortly.

It has been determined that ignition sensitivity is dependent on

rate of loading. Thus, different impact machines with drop weights

1422r`0
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and strikers of different natural frequencies will have different loading

f rates for a Siven drop height. Cmeoquently, because of the dependence

of sensitivity on loading rate, these machines will report different

sensitivity drop heights. lor example, when no strikers are present.

I3N pellets can be set off with a 5 kg drop weight released from 2?

cu. Taking a somewhat extreme case in which six strikers of various

mesa@* were inserted in the experiment it required 120 ca drop height

to initiate the 11K pellets. Significantly, although the impact pulse

in the six striker experiment was considerably different in duration

and character than the simple half sine wave generated by the no striker

configuration, ignition of the RDX pellets occurred when nearly identical

loading rates and stress amplitudes were attained in both experiments.

ZUSTRUMUTATION

The NSIC impact machine was designed to incorporate a variety of

instrmentation to allow it to make measurements of the material behavior

and ignition processes as they occur in the sample during impact. Measurements

for these events are essential to an understanding of ignition under

impact whether it occurs in small scale samples or in much larger full

scale charges.

Presently, strain gages are the primary means of measuring the

force of impact on the sample. These gages are located on the anvil

to give the average force of the impact and some information on sample

response. The response time of the gages now being used is approximately

1 •s. Strain gages have occasionally been mounted on the drop weight

for specific purposes.

Accelerometers, mounted on the drop weight, are principally used

as a check and calibration for the strain gages. The signals from these

units are generally noisier and have poorer frequency response than

the strain gages.

An optical thickness gage using a laser is used to measure the

thickness of the sample during impact. This technique, shown schematically

in Figure 3 can detect changes in sample thickness that occur on the

1423
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scl f~ a few town of mtar=@s W'din time. *eecer than I g. It pssvvift
* direct iwnear of impact and reboumd velocgitis a# wel *I so ( -_'

thickness and to%* of obftue of thickness. ?hs information alom: %wJ
the energies of impact and of rebound as v11 as the energy trnsferred
to the sample-anvil-dro weight to be deterumied. skecaue it is 0on-

intrusive and has no direct machadical link to the impact uschiao, it

is planned to use the laser thickness Sop as a replacement for the

strain gage by differentiating its output to determine acceleration

of the sample.

PHOTO DETECTOR

ANVIL KNIFE DROP WT.

COLLIMATOR EDGE P"1 . SAMPLE

ANVIL

LSR $STRAIN 4 1 ( i'S~GAGES

I.AsER BEAM

Figure 3. Schematic of Optical Thickuess Gags

Pressure gates can be used to provide either j go-no go indication of

reaction on impact or a more informative direct measure of the amount

of gas produced. lither technique records only increases in gas pressure

end is insensitive to the acoustic noise of the impact. As such, it

is much superior to any acoustic device that might be used to measure

the voise output of a reaction.
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ft Infrared sensors have been used to measure the heat generated by

both energetic and inert solid asterials on impact. Fr these devices

the iuqmct machine was modified to include a sapphire or a silicon anvil

through which the infrarod device views the sample.

A beat sensitive film technique based on the transparent film made

for vugpapbs has been developed at OSWI to measure the spatial location

Sand to estimate the temperatures of local hot spots and reaction sites

that occur adjacent to the film's surface. This technique, described

in detail in the above references, has proved to

be an extremely useful and informative tool; not only in impact experiments

but in low level shock experiments as well.

S Pz nzBammAL REMUS
A rather surprisingly large number of expsrimental results have

cam out of this work. Many of those results were not anticipated and

could not easily be explained by conventional theories. For some of

these, new hypothesis have been advanced, while others remain to be

explained.

At the onset of this work, it was realised that the experiments

of Heavens and Field(6) at the Cavendish Laboratory in which they demonstrated

the correlation between a sudden collapse of the ample and the start

of ignition in crystals of WX and I=l as well as other explosives,

was indicative that the process of material failure was linked to that

of hot spot formation. It is believed that this linkage most likely

occurs via localised deformation associated with the material failure.

It has bco' found at Cavendish(7) and at NOWC that surpressing the sudden

failure of mnplosive crystals under impact, by surrounding them with

the appropriate plastics, decreases their sensitivity. Thus, the sensitivity

of the PU's is less than that of their major explosive components because

of the presence of the plastic matrix materials. More i4portantly,

the explosive response to impact (which will be reviewed shortly) of

many P31's is considerably less than that of their main explosive component.

C 1425
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Most PU's show little or no indication of sudden material failure under
impact. A few "Wtrimantal mixtures of M'so and propellants did show

indications of sudden material failure; these materials were generally

more sensitive to initiation and more likely to produce a violent response

due to impact. It is knwow from Russiou work(8, that if the sudden failure.
were to be suppressed by preventing flow through confinement, then an

otherwise sensitive material could be made to appear very insensitive.

Thus, impact machines that use a confined sample, such as the Rotter

or Picatinny machines, will give different results than the Bruceton-

DL or the now NOWC machines that employ no radial confinement.

Experiments using the heat-sensitive film have shown a number of

interesting and very surprising results. The experiment, as it finally

evolved, consisted of a sandwich-like affair in which the ample pellet

was placed between two sheets of heat sensitive film. Briefly, since

these results have been reported elsewhere,(4,5) it has been shown that
at threshold. ignition almost never occurs in the high pressure region

near the center of the sample (P >I0 kb) but, when it occurs, ignition
almost always occurs at or very near the low pressure region near the

outer edge of the ample. This is the region of aximum shear and minim

pressure. Pressures in this outer region approach the yield stress

the material which generally is quite low and can be as small as 150 psi

for some Pu's and propellants. Among the two exceptions that have been

noted to date is TAIS, in which occasionally hot spots and some ignition

sites have been observed slightly beyond the original radius of the

sample disc. This may in part be due to the high loading rates which

produced hot spots early in the sample expansion, and which afterwards

were surrounded by the subsequent expansion of the ample. The other

exception was seen in a series of impacts on propellant Sum stocks.

These materials, which contained 672 W, cracked on impact. Ignition

sites occasionally occurred along the crack surfaces. The cracks extended

in a labyrinth like fashion and the occasional ignition event propagated

along the crack. In summary, in both these experiments and in other

large scale experimants, rapid shear and high rate deformation are the

important elements in generating hot spots. Pressure appears to have

little or no role to play other than to provide the driving force for

these other processes.
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In a set of rather interesting experiments, the explosive response

of smll samples (A35 mg) to impact induced ignition is measured.

This is not a sensitivity test, the impact parmateris are chosen to

cause the initiation of a reaction in the samples (for example, a 5 kg

drop weight released from 150 cm). The ample is impacted in a confined

volume (= 120 um3 ), and the pressure generated by gas evolved in the

reaction is recorded. The explosive response is measured by examining

both the amplitude and rate of rise of the gas pressure. Those materials

that respond violently, display a very large amplitude, steeply rising

pressure pulee, U800-1000 psi, in 011-5 As. The les violent materials

give responses of the order of 100 psi in 80-100 ps. In this way, it

is possible to detect differences in the explosive response between

similar materials such as would occur in slight modifications of a PBX

as shown in Figure 4. Detection of the differences in the explosive

F response of two dissimilar -- aterials is generally very easy. It now

appears possible, with the explosive response technique, to provide

guidance to the explosive and propellant formulators to optimally develop

energetic materials insensitive Co impact. However, at this time much

"Pressure Gage

r ~200poi1

8kb Strain Gage

L--- PUX AM1)P Presaure Gage

200ps1

Strain Gage

POX AM)1 lOoms

Figure 4. Explosive response of two similar PBX
formulations.

more testing remains to be done to establish 'ýhis premise with certainty.

Finally, as a reminder, these experiments all u-tisure response Co impact,

and there can be no certaiaty that similar respof.see would occur for

other stimuli such as shock or heat.
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THEORETICAL ASPECTS

The theoretical treatment of hot spot formation has focused on the

localized deformation processes that occur in crystals and the localized

heating associated with this deformation. This work has been developed

elsewhere and will only briefly be described here. When a crystal under-

goes rapid deformation and shear, the deformation is localized and occurs

mainly along slip planes. Usually the deformation occurs along a number

of slip planes which taken together form a shear band. The material on

either side of the shear band essentially remains undeformed. In a series

of papers, we have developed a theoretical treatment of the heating associated

with the localized deformation. (9,10,11) Basically, the theory treats the

local heating produced by moving dislocations that are generated in a

crystal as it undergoes failure. Currently of interest, is the local heating

produced at the tip of a propagating crack. At the crack tip, a similar

dislocation motion occurs, and consequently, similar heating must occur.

CONCLUSIONS

Unfortunately, limited time and space have made it necessary to only

briefly cover the topics of the review. However, much of what has been

covered has been published in greater detail elsewhere or is in the process

of being published.

We wish to convey the message that, if instrumented carefully and thought-

fully analyzed, the impact machine can be made to yield valuable information

and insights into the processes responsible for the initiation of energetic

materials by relatively low level impacts. Also, impact testing can be made

to provide direction to the process of developing energetic material formulations

that are minimally sensitive to impact. Finally, it now seems possible thet

the impact machine and its derivatives can be made to yield insights into the

processes responsible for impact initiation of large scale charges. In fact,

given the very high costs and difficulties of adequately instrximenting and

interpreting large scale tests, and the necessity of obtaining a sufficient

data base to reliably estimate explosive and propellant safet7 Ind survivability

in an increasingly hostile and demanding environment, it seems inevitable that

small scale impact-like tests must be developed to complement the large scale

tests. This marriage can only be meaningfully achieved if the processes

responsible for impact induced ignition are understood.
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DoD 5154.4S, "DoD Ammunition and Explosives Safety Standards,"
. Chapter 14, Chemical Agent Standards

R., Scott, PhD, FAIC

DDESB, Alexandria, VA 22331

oThe Department of Defense Explosives Safety Board by DoD Directive

c5154.4 is charged with protecting personnel from the hazards associated

with chemical agents and ammunition. In July of 1980 the DDESB Physical
Scientist was tasked with developing uniform and comprehensive standards

a for DoD Component use. After service coordination and modifications the

DDESB Board Members approved the subject standards in March 1982. Chapter

14 was published as Interim Change 4 of DoD 5154.4S, 20 August 1982

The following pages outline the content in the chapter's seven

sub-paragraphs.
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AN ASSESSMENT OF THE CURRENT STATE-,O-THE-ART
OF INCAPACITATION BY AIR BLAST

William Kokinakis, Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland 21005

Ronald R. Rudolph, KETRON, Inc., Baltimore, Maryland 21204

C
ABSTRACT

Target vulnerability methodolosy requires a criticality measure for

all internal components which contribute to a system or to a system's
weapon effectiveness, including that of the human target. Such measures
have been developed for personnel targets for kinetic energy penetra-

Met tore; however, there is presently no generally accepted quantitative
measure of incapacitation to infantry or crew personnel from the prime
bl ca t (Vulnerability analysts presently use lethality data
derived from Lovelace Foundation research to infer an Incapacitation
level for blast, but these criteria are not very realistic in that they
tend to underestimate casualty production from blast threats.) Thus, a
X enerallzed criteria for estimating incapacitation to military personnel
from air blast overpressures is urgently needed to provide vulnerability
analysts a realistic measure of blast effectiveness as well as to estab-
lish a cosmon base for comparing incapacitation to personnel from blast
and from kinetic energy threat mechanisms.

\ J To address this need, an assessment of the current state- of-the-
art of incapacItatiou/InJury by air blast has been made through survey
of both early and modern research of blast effects against personnelb
Most of the studies and findings appropriate for consoderatlon in
developing a blast casualty criteria were completed in the modern or\
post-1950 era, which coincided with publication of the Cerman and Brit-
ish Wqrld War II bleast research In the open literature and Initiation of
nuclear testing with various animal species.•:; 7 V- ei1 wntle en_
erated ranged from those associated with temporary threshold shifts in
hearing to those for 99 percent mortality. Bounding these two extremes
were a number of studies characterizing injury or physiological damage,
to which incapacitation may be related or inferred by establishing lim-
its beyond which an individual cannot effectively perform his designated
mission•- e research results most germane to this consideration were
Hirsch"Csardrum Rupture Criteria, Richmond's Partial Impulse Criteria
for LDSO " ast Waves, and Lovelace's Threshold Lung PTamuge Criteria.
These have Jn evaluated, their strengths and weaknesses identified,
and recommend&roas for their utility in vulnerability assessment are
provided.
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The literature search conducted by Mr. exposed victim cannot be translated. No
Ronald R. Rudolph, the coauthor of this evidence was uncovered that suggested that
paper, uncovered, reviewed, and analysed significant damage to the central nervous
sixty two reports from seven countries which system could result from blast exposures
dealt with primary blast induced injuries. lower than that required to prodsice lung
Not surprisingly, one third of the doce- hemorrhaging.
sent@ related to the extensive blast
research performed by the Lovelace Founda- Prior to our survey of the current state-

tion, mostly during the 1960*8. Another of-the-ort of knowledge in primary blast
thirty three related to other US sponsored effects, there was no generally accepted
research and there were seven Swedish docu- quantified measure for inferring incapacita-
ments and one each from the anited Kingdom, tion of military personnel from blast
France, USSR, and Yugoslavia. Many other induced weapons or devices. In lieu of a
excellent US and foreign reports on blast generalized incapacitation criteria for per-
injuries were scanned during the initi ,i sonnel, vulnerability analysts have usually
review but these were eliminated from resorted to inferring incapacitation from
further consideration because the damage blast lethality criteria developed by the
mechanisms were not primary blast. The Lovelace Foundation for Medical Fducation
intent of our effort was to collect data and Research (2). These criteria function-
oriented towards or applicable to personnel ally relate percent lethality to two charac-
incapacitation from primary blast effects, terlatics of air blast; maximum overpressure
thus secondary and tertiary effects were and duration of the positive phase of the
not considered. incident overpressure. Impulse is another

characteristic to which damage is frequently
correlated. While incapacitation does not

We found little support in the liters- Imply lethality, lethal criteria were
ture for keying on the eyes, brain, central assumed to provide an upper bound for

nervous system, or the skeleton as measures incapacitation criteria. In this context, a
of effectiveness for estimating incapacIts- lower bound on incapecitaFion criterti could
tton or for relating military casualty pro- be defined from criteria associated with
duction to sublethal dosages, In fact, our temporary threshold shifts tn hearing. Cri-
1980 study supports the general findings and teria at the lover extreme are called damage
conclusions of both early and poet 1050 risk criteria, hearing conservation criteria
researchers that the ear and lung systems and design standards. They are established
were the most vulnerable body systems with principally to protect rhe hearing organs of
regard to the pure blast damage mechanism, personnel from the damaging effects of over-
Of the two, the hearing system it univer- pressure, in general, and impulse pressure
sally recognized as the most vulnerable com- (pun fire), in particular. Examined from
ponent, but not the most critical, to pure this point of view lethality criteria belong

blast. Eyes are vulnerable but only if the to the Incapacitation criteria class; the
blast causes flying debris (secondary design standards, damage-risk and hearing
effects). Serious lung hemorrhaging due to conservation criteria do not. Any criteria

primary effects, quite often leading to between these two hounded types should also
death, apparently occurs at blast levels too belong to the incapacitation type provided
low to cause damage to other body components that the criteria establish limits beyond
such as the heart, the components of the which an Individual cannot effectively per.-

abdomen, the centra: nervous system, or the form his designated mission.
skeleton. (The Lovelace Biomedical and
Environmental Research Institute have Criteria falling within these general
recently found (1) that the threshold values bounds are:
from laryhgeal lesions, 41 kPa (6 psi), and
gastrointestinal tract injury, 55 kPa (8 o Nfrehs Eardrum Rupture Criteria (3)
psi), were below that for lung hemorrhage, o Richmond's Partial Tipulse Criteria
76 kPa (11 psi). In the opinion of medical for LD Blast Waves Augmented
experts, these are considered slight Inju- with tle One-Ouarter Rule for

ties which would not be expected to impair Estimating Threshold Lung Pamage (4)
human performance.) Heart damage has o The Lovelace Threshold Lung Pamage
apparently been observed in some experimen- Criteria (2)
tally produced exposures of animals; how-
ever, this type of damage has generally been I would like to review each of the

assessed to be a conseauence of lung homor- preceding criteria In some detail, and

rhaging. Skeletal damage does not occur present the lethality, threshold lung dam-
unless the blast winds are great enough to age, eerdrum rupture, and hearing damape

cause body translation (tertiary effects). risk criteria in a format sultatle for

The skull apparently provides sufficient rational examination and then suggest some
protection to the brain if the body of the utility for their application to an interim
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blast tncasaztatton model. square inch. The formulas were then used to
caleuoweo the LO 0 vale--for a 70-4. 04

By 1962, the Lovelac. toam had esouh po"se) bedy ueghlt (assued to be the oert-
data collected to be able to make a tents - age weight of a mse),f to each oftthe *a• v*

tive estimate of man's tolerance to sharp- smentione owrprinsre dara*oue. The
rising overpressures from blast (5). This result is the middle cure sham in igsure
easttests woa based on data collected on 3. Ith me process mw used to dmelop 'the
nearly three thousand animals that either LD and LPq lethality cuer$s alao
had been exposed in shock tubes to sharp dilplayed i tlle figure. For seveinrl rea-

-S rislnX-overpreseure with -long durations or sons mertioned by the authors, the curves
In test arenas to sharp rising-overpressures displayed in Figure 3 were only to be used
with short durations. In all Instances the as a guide. They sufteete that a band run-
tolerance of the animal was assessed in ning from 20 percent below to 10 percent
terms of lethality. Probit tnalysle was above each curve elght bracket. the actual
used to determine the overpressure, LDSO , tolerance value.
required for the occurrence of 50 percent

lethality fot each of several overpressure
pulse durations. The results are presented
in Figure 1. Note that 50 percent lethality
curves are presented 'for six mammalian
species, two large and the remainder mall.
In investigating man's tolerance to blast,
the Lovelace team found various species of
mammals belong to either one of two groups,
depending on the average gaseous volume of
lungs per body sass, or tht average lung
density. These groups car be roughly
thought of as ssall and large mammal groups.
The goat and dog, as well as san, belong in
the large species, or high tolerance group,
the remaining animals in the low tolerance
group. Also note the change in shape or
break upward in the curves. The area where
the curve breaks upward is called the criti-
cal duration and is unique to species, as
can be inferred from the data presented on
the graph. I will have further comments onE this species characteristic later in the
pnper.

Between 1962 and 1968. the Lovelace

team continued to take refinements in i:s
analytical technioues, based upon examina-
tion of the considerable amount of exjiri-
mertal data which by then had become avail-
able. For example, the manmal species data

Regretsion analysis was then used to base was increased to thirteen with inclu-
express log (LDso) as a linear function of sion of results for the hamster, cat, burro,
log (1W), where NM is the body weight, for steer, monkey, sheep, and swine. The result
each of several overpresnur* durations: wos that in 1968 this team was able to

3,5,10.30,60, and 400 mntc. The results for express percent survival in terms of (1)
one of these durations, 400 sect, orc maximum reflected overpressure, (2) duration
displayed In Figure 2. Tie coefficients in of the wave, (3) body &.ass of the animal,
the displayed linear regression equation and (4) an individual species tolerance
were determined on the baste of OW being index (2). At the *amn time. and probably
exproessd in grass -and LP50 In pounds per most importantly, scalino of available
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euprid1a tfet tt•p. made it possible to was olearved that patechial heesrrsM#
app$y the -se2to to cartasb esup"Ou sites- first oemaes6 iat the 435-116 kft (12-16 psi)
ctlef in th hoe f resOt , I.e., without the leel SA, smuall isolated homerrhuees were
vlflectiog %re*4Oe. Fi8ure 4 presents the produced at the 128-207 kPs (20-30 p*i)
revived Lovelace Lt , LP , Sed LDe. lethol- eaen. It won sot uvitl the prefes C
tI, cuses for a 7aAm IVa. The Ubr.s. are reached the lethal range that mote Oevi•j

plotted as a tunction of, pesk or wexisto confluent hemorrhage. occurred oad lung
Incident overproasure versus the duration of weight toesesed significantly ever cemtrol
the positive phase and vae applicable to weights. The eathere cocliuded that the
free-esteem situations whao. thp loog oxti threshold for peteehial lump haeorrhage in
of th% bod? is perpendicular to t%e direc- dOes mounts to appeoximately aoe quarter of
tieoo.f propagation of the shocked blast the LOSO dose and more serious Injury occurs
wart. Two other criteria weag also at shba the three quarter do*s. Experi-
developed but theac will not be presented wents with bhsap exposed to reflected pres-
here in view of space Uleitations for the sure. of short duration showed threshold
paper. They deal with the free-stream lung domege occurring at 207-241 kPa (10-35
situation Ahire the long axis of the body ts psi). The threshold in this tosa wea ouly
parallel to the direction of propagation and slightly less than ooe fourth of the LD
the condition where the thorax is near a dose of 1144 kPa (164 psi) for sheep.
surface against vhich a shocked blast wave Lovelace tem concluded that, "It some safe
reflects at normal incidence, to genoralite go the wetter and use one

fourth of the L1.0  does as the beginning of
lung damage and tAlsree fourths of LV (about
the threshold of lethality) as the 1ginning
of severe lung damage. Thus, the establish-
ment of the one-quarter LD 5 2 lethality dose
for onset of threshold luns damsag.

Figure 3 displays the threshold lung
damage curve and the LD lethality curv# for
the orientation of the tong axis of the body
perpendicular to the blast winds. (The
remining three curves shown in this figure
will be discussed and explained below.)

It to the lower or 1 percent lethality
curve that the vulnerability community uses
as a measure of incapacitation. The logic

for this choice, other than the fact that
nothing mote appropriat2 was available at
th, time, was that the 99 percent who sur-
vived would most certainly be completely
incapacttated. It is also obvious that the
use of che 1 percent lethality curve as a
threshold for incapacitation underestimates
the true number of casualties from blast
because most certainly there would be some
ceoualties Vho would be completely Incapaci-
tated for lesser levels of pressure-duratton
than defined for this curve.

The next descending ms•sure of injury The threshold criteria are referred to as

for which criteria esit is that for the cookie cutter" criteria In that the probe-
thorax. Twireshold lung a•a• e criteria were bility of lung damage is zero if the over-
developod by the Lovelace Foundation based pressure ti below the curve and utaity if

primarily upon post sorte" exasetation of above. Note that the reXton of the LDi
the lung* of two animal spectso used in the lethality curve wherein the curve hreaki
lethality axperimeuts (6). The first, for upward, which I earlier defined as the crit-
dogs shoved that the Incidence and degree of icel duration, lies between 25 and 30 asee,
Wung hemorrhage increased lung weight when for men. %on Cierks (7) and others had
the uaxlmum overpressure was increased. It observed that the magnitude of the thorax
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resonance frequency duration, the time at Nota in this 1figure that atmospheric proso
whbich the tissue to a matimus strain, is of sure can be ad$taned esite the atmuspheric
the sme magnitude and had concluded chat it pressure at the Albuquerque, fth tib oo
ts the thorax resoaunce that datortines thm facility where the teast vWse caidoted it
critical bleat duration, or the bpnd iti the opprevrmseely 03 kPa (12 peat) sihea thon
blast sensitivity cutves. Because of this, the veally assumed 101 kPe (14.7 pat).
the critical duration has also boon called Because it ts used to compute critical par-
the critical resonance frequency duration of tial Impulse, the ties t ts referred to as
the system. the critical partial tap4tise time or charae-

teristtc response time.

The scaling of Impulse for 50 percent
mortality urns accomplisheod by Richmond (6)

bott the consideration of impulse as a damage
mechanism was first documented by the Cerean
ocientirt Schardin during World War II who
showed by exparimentat iou that mammalian
response to air bleat is more nearly depen-
dent on overpreasure impulse ( fPdt) if thQ
durations are short and on overpressure
alone if the duration* are long. Clemedson,
Von Cierke, and the Lovelace team all had
observed that it ts natural to relate ionS
add short to response time or natural period
of the mammalian thoraA since the lungs are
the principle target organs. In developing
his Partial Impulse Criteria, Richmond
relled on information pertaining to the
determination of the medium let.tsl pressure
requited for 50 percent mortality of dogs
ane Sgsts for famt rising shock waves. Thi From these data, Lovelace reported that
test, data, displayed earlier in Figure 1, for 16.5-kg dogs, an impulse of 526 k's-maec
and reproduced in Figure 6, were obtained (76.4 psi-mease) delivared over 1.53 ms
from 204 dogs having body weights ranging corresponds to the sedium lethal dose. For
from 11.4 to 25.4 kg, with a mean of 16.5 22.2-kg goats, the values vera 580 kPa-msec
kg, And 115 goats with body weipbts ranging (84.2 psi-meet) applied over the initial

4from 16.1 to 29.5 kg, and with a mean of 1.69 asec of the pulse. Comparable fitures
22.2 kS. Durations ranged from a maximum of for a 70-kg mammal were 955 kPa-usec (124
400 see to a mlniomý of 1.5 masc. Probtt psi-gmsc) delivered during the first 2.47
analysis was used to obtain* the LO) graphs mase portion of the curve. Thus, the first
shown it this fiure. The daasill lines estimate of a 70-kg man's characteristics
nhown aore iso-impulse lines for reflected response time was 2.47 msec at an ambient
pressure, computed ftoa measured peak pros- pressure of 83 hPa (12 pot).
aurts and duration. By repeated trials, a
scaled time, t , wse found which resulted in The technique just described and
a near constant, scaled partial impulse, dleplayed on this figure ife known as
found by intergrating the reflected pressure Richmond's Partial Impulse Criteria for LD.-
over the partial duration interval (t, to). bloat Waves (6) which he augments with ha

0 One-quarter Rule for estimating threshold
lung damage. The computation of charac-
teristic response time was derived from
scaling equations established in developing
a Lovelace Lung Model (8).

Note in line 2 of Figure 7 that the
empirically derived value of the constant,
t, was 0.6 for the Albuqueroue test facil-

K1 ;here ambient pressure is 83 kPa (12.0
psi). In 1968, Bowen (2) determlned, by a
trial and error, a characteristic response
time of 2.23 as tor a 70-kg man in a 101 kPa
(14.7 psi) environment. Based upon this

As shown In Figure T, the value of the finding. Richmond's Partiol tmpulse Criteria
scaled partial fpl)se for these spentalles reveals that if a 944 kPa-moec (137 psi-
207 kPa-msse/k$ (30 ps;-msee/ kg ). seec) effective pulse is de2ivered An a
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:bo:trarsti ftopats* %twomof 2.23 saeem ,

ambient ptrmeae*, the sae has a 30 paeat aems *U *4 sp41 04 teor trld U"I t om~Itii
*bas* eawo(s1O). *at te M quater too 10)

thv. .ald list 4.'04ag 1* ie.aw 23C" k~a-moseet, ~ , d~ i&
in12 ecriteria for inputs* noise spoecifi'sally was

The Reedich schnatiets. Claodedse and first addressed in 1967 in a jeint effort
Jonsson, have sloe recently copleted inves- Oligreserrehern from the Vatted Kims-
tilationa directed towards matafa the dam and the United fsates (it). The re*uitr
risk of Inrsonnel to blast (6). Raised upo of thie study Included establishment of
experiments with~ rabbits and mathematical deiton frh picpa prmtrs f
modeling and seating, they determined the 0 single impalao noise, defined as fol lows
rieks to gmt crewman serving recoileas 6ni described In Figure A.
rifles from within bunkers. tin regard* to
the threshold lung Injury to man, the
authors felt that the analysts of the
affect$ of complex pressure patterns
developed by the rapid fir* of a weapon In
an Inc losed room should he treated in terms
of criteria for classical waves of long
duration, because the wavses In the bunker
wera too complicated to moWet. They applied
Richmond's Partial tmpulse Criteria to their
experimental date to determine the critical
Impulse applicable to 30 percent lung dam-
age. differing only In their threshold
assumption for risk, i.e., one fifth rather
than one quarter. They concluded that the
transmittal of on ispulse of 822 kfs-noec
(128 psi-eeoot) at 101 kim (14.7 psi) ambient
during a critical duration tlte of 2.47 meet
or I*** gives men a 30 percent chance of
survival.

Let ame now discuss some aspects of the Peek Pressure Level -the highest pros-
damage risk criteria wkich I earlier arbi- sure level achieved, Ikspressed In DS (refer-C
trarily defined as a lower bound for tncape- once 0.0002 dynes/em .) r in poti 1pressure
citation criteria. The US Army Pua difference AS in Figure 8a).
Engineering Laboratory vas in the forefront Ris Time - the time taken for the sin-
of identifying the need for the developmentf ti ht om tem-
of a hearing damage risk criteria as basic gle pressure fuctuation ta om h

to the entire Impulse noise problem, (9). tiat or prtnciple positive peak to Increase

They pointed out three ways to attenuate from ambient to the peak time level, usuallyI
Impulse noise for Army weapons; (1) reuc loes than luisec (time difference AMR in trig-
the pressure at its source, (2) separate the Mie S).
operator from the Impulse noise* source by Pressure A-duration - time required for
either dittance or a barrier, or (3) develop the initial or principle pressure wave to
ear protective devices. A suitable daga*- rise to its positive peak and return momen-
risk criterion was therafore needed to seas- trl oabet(iedfeec Ci
ure the effectiveness of the options. Th tartly to abet (tm ifrec.Ci
first major effort in establishing a suit- Fiue8)
able dacage-riak criterion was undertaken by Pesr neoeAdrte oa
a working group established In 1965 in ti ressur te nvelope of-dura ostivn e toald
response to a request by the US Surgeon Can- :m htteevlp ftepstv n

eral to peciy dmageris crieri to negative pressure f1i'ctuation Is. witUvin 20
sorad. thispworing wg&roup, referred to i db of the peak pressure level (time* differ-soun. Ths wokinggrop. rferrd toIn nce AD, and ZF when a reflection is present
the literature as CRABA-t46. an acronym for in Pigure Ab).
the Committee on Hearing, Binacoustics, and
IiomecrhanIcs of the National Research Ccjn- Based upon these definfttions, th.' coma-
cii, unalysed the then available research blo S19tn delpdea dmgers
data and concluded that a set of rules could blieed a U-U thea deehopedcntl e or dama ersk
be 1proesrtbod with respect to davzge-risk crivteri at the ear t peretntil Inrcpilene

crttri#and onturs or tead sond. ut and for repetitive rates In the order of 6S-further research data had to be acquired 30 impulses per minute vith the total number
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of teptdoes limited to tool per exposures. $:Itauian pregP~eed by CIFAU*57, aediIetu the
Thee. W WI&t veto updated Is 146M by a baai toAmw"20 daaa*e-flak oriseniem fort a-
CNAIA Iloskial Creep 37. *hereto the pulses duroction taktap !%to eCount varsortiems to
Ware asam I to roach the ear at vcereal the MUMber Of easue 10,100, reM 3)
iseideeee for 95th perceavale peoteettior and the attenuation of topu..ame by *mT plops
(11) The CPAUA-57 attterie adjusted for a anelor auffs.e Theme are the reeseus for the
single impolse arm shown is ?ilow* 9, with multipte ;tales (z, y, sad m) &ad the basic
the B-Ouratiem curve plotted in viear& S as rattemel ICer the gspaigS. to & "*seet
representation of the lower botind for (Aaulysis of this eabjeet, Redsky (13) quo*-
Incapacitation coneidearationa am eluded to ttosed the ceadibility of the "It STD is
earlier to the discussion. that the 44stga constraints up". which the

standards are bzead howe not &een supported
by slaquate biological dsv~a. "e felt that

satisfylos the "ItL 81'D rquiius a tradeoff
to dsee. facets of syatee performizoee but tht)
etriegamt req&4vamenst placed on today's
weapon developments allow. loes and legs
flexibility to alter the euttiowe parameters.
The & curve for 3 eximmures per day with ear
*less or muff* are P!"tod in Wisure 5 along
with the 1-1 kethrilty. the zJmeeeold long
&ad Cho CRAAI-57 3-duration cur"%s.

I would like flow to consider one more
damage mechanism, i.e., that for eardrum
rupture. One at the most prominent

Health standards posed to military per- researchers tin this Area waiu Hirsch who our-
sonnel In the vicinity of weapons or*et~c- ..yed di.ta from the preo-19111 periods and

toe whi y roila n byldmliaysan on that:Zalowabi, 'sck'e,Pearlman, Shil-
dard (ML SD's) A IL TD o nethe a forg eand Crey dammade plotted in ofigure 11

happingcablat te deskcitein or al newaringt Aoldo *aotdmaed rFgfurei frem2 shoc t3b9
consevte ion datro. I t ein pta tol5ected on. dopsi bwithe an overl#of
stiedrd whi volveit fcomt consideration prof 4 ( pnottut (34) . Futrthro xaiation ofth dta
harin *oral de t ovn stn -Figuo-re a0ccidonthm dtw on ourceru reuptsr icolnecti-

mol* rducionan ofedera ad sataersae lofs 103 other (15runt pri) pted a Kiprscento

opcraiona condtion. Ths stadardin threol eard rum damgeplttesI Fgue 1

At 50e pehcen eardrm rupti ptrecuveha
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beso plotted is Figuero S. Ithis owewe to wOuld sseoseariy incapacitate a military
eeitbal "so or p"OV sed amig oxpmplaete per*", bet the eambinoehates eve WeO Mad.fl
boom"e we tomd ",saop..ifntata "Rtei to oe os laming i wor uld iseapsefatte a nombat so&-ittoroator free whuhm No so"ld readily diov (16), M~e t'witt &$*OWeN abet iuaospa'
relate ewfivdu rupture to %he duratiosn of ottiste st at"s immeiaotely aHOWer mpsesuw
the sheek emar. awd last"s for same ldeftatto period of

time, hat t this time. to loft Rome! to C
Usefeathera for the Moot partbe maeslirinfctv saobtnto

oftrs, ut ot wrs&*&; Loelae, o teir received.
study of, the Relationship Notweo* Favirum
Valle". &ad Uleat-ladmeod hrecast. Vatte- Lose of heanries. however io a form of
tieas (15), dito cemment eof the effect* of Incapacitation in that it can tender a Pol-

= Isome of the coepOOOe en s the blast wave to lier coehet Ineffective as regards to his
*ardevo rupture bet of fered so criteri~o or capability to perform certain tasks. In
methods for relationg Pressure to duration. this context, I therefore offer the 50 per-
Moreover, the results of their past and dogs cent eardrum damage curve as a threshold for
expartneeso indicated that while the earfdras Incapacitation, recogniuing that although
Vag mort seesitive to fast-rising then eardrum rupture may bo accompanied by pain
slowV-isia$ bMast waves, the data "gor and low~s of hearing, there is little evi-
insufficleet to prove the point or state dmnce in the literature to support that this
what might be exspected for blast moves with form of injury results in sn incapacitsced
both fast and slow compomeuts Waving dif- casualty, It should be noted that the
fenent magnitude and ties constants. threshold eardrum damage curve is applicable

to uriprotectad ears. 91igher limits would
The SO percent eardrum rupture curve apply to Infantry soldiers wearing helmets

shown In this figure was generated by draw- or craw personnel using headpear equipped
lta a curve parallel to the threshold lung with earphones or other communication day-
c.'nve through the 103 kPa (15 psi) value at Ices.
& positive duration of 2 ismec. Although the

£2 macc time iosteaemed to repr~esent a fast I also suggest that the Lr. I lethality
rising short duration blast envirnoment. curve is In itself too severe a measure of
su~ch as that in the vicinity of Sun or incapacitation for military personnel and
howitzer crew sattions or that near or foal that its application to vulnerability
medium distance from small chemical dstona- studies of the Individual infantry soldier,
tioono or bomb bursts, its choice and the and crew personnel in various air and ground
selection of the shape of the curve ware vehicle*, underestimates casualty production
both subjuctive and somewhat arbitrary on my aso well a. the effectiveness of the blast (
part, for that *otter, the curve could have producing weapons being evaluated. I

psi) value, parallel to the oabcissa, damage curve be substituted as a none con-
although It soeem evident that a threshold servative meaairre and that It be used as an
ctrrye for eardrum damage should vary uigni- upper bound for Incapacitation, that is,
fIemnrly with overpressure. at least Ini- that it be considered to represent the 99
tially, and insignificantly with duration, percent incapacitation level. My recosomn-
as with both the lethality and threshold dation of the tmore conservative threshold
lung curves. Whatever the shapcý of the lung injury as a measur~e of maximum incapa-
curve, it io my judlgement that a 50 percent citation is again subjective. There is,
threshold eardrum damage curve represents a unfortunately, nothing in the literature to
threshold for Incapacitation. I vould also either support or contradict this assumption
be rent!s if I did not also point out that because previous researchers did not *valu-
the selection of eardrum damage is not Ate the dpgradation In performance of either
universally accepted as a measure of sever- civilians or soldiers performingt tasks,
ity of a blast Injury. For example, given a blast induced Injury, I.e., fncapa-
Lovelace (15), did not consider failure of cictitun has to date not been quantitfied.
the cNardrum (or lack of it) as a reliable Several wound ballisticians with whom I've
clinicri. sign for judging the severity of a discussed the precoding have indicdted that
blast injury because 0f the wide tolerance the threshold lung curve might be too con-
limit* of the tymp-nIc membrane. This Parvative a measure of complete Lncapacita-
stained from their findings with animals tion. If in the future a more strinprent
that the drum often remains intact when measure of total inonepacitation ware found
exposure pressures produce serious lung to prevail, I mould then suggest that the
Injury, but may also rupture at pressures Lr lethality curve be used to represent a
well below hazardous ones. Josephson, the thleshold for complets incapacitation and
US Navy's mound ballistic expert, also felt that tha threahold lung damage curve be usod
that neither ear injury nor eye Injury alone to indicate a 5n Incapacitation threshold.

14.52

TI



"1hese combinad wtth the ere Ineapsetistiao ctoted. oy te sm*e oslegy, em peieemmel
associated vith the threshold eardrum damge It the APC were oeotadord vlocapoettatO
cut'e, would offer the vulnerability et lyst booed upop 0he LD lethality measure. WN-
a discreet mvrseaal "sho.. for aemwl tiuv ever. by iepl;M;;memi the " percent inepaq-
the vulnerability of perseenel targets to eltatinw cur"e, persomel io the APM
the blest throats. pemegroted by the larper diameter NZAT

rounds would be considered completely imef-
festive or totally Iseapeattated by blest,

Finally, figure 12 proesents the LD the "mdium to longer PUTA rowndJ would
lethality curve, the ". pecent eardrum pVWe Imspaeoiteo ether Persoemel to ease looser
tecttve curve, and the newly defined three- but as yet undefined level. The sealler
hold and 99 Imncpacitation curves overlaid NAT rounds would ¢ouse no incapacttstion of
with three sets of bleat measure* from throe the APC crw/poassoener, but ear plugs/muffs
different bleat sources. The objective of would be required in a•cordauce with the
this very busy Araph is to give perspective Army's NIL MTh. Crew personeal serving the

105mm Pottoitr would not be Incapacitated
under may of the critwria, except that ear
protection would be required within 3.0. of
the musle.

The major conclusion from this somewhat
simplistic a0alo6y auggests, at least co me.
that equating casualty production or onset
of incapacitation to the LP1 lethality curve
is not realistic. I have offered a more
coneetvatlwe measure for defining complete
Incepecttakion, which in the context of the
blast weapon effects data shown on the
graph, does seem more reasonable. Obvi-
ously0 the effects of replacing the present
criteria has to be compared and quantified
In terms of changes in vulnerability coleu-
artions for Infantry and crew personnel sub-

jected to blast-induced weapon threats. It
ts also apparent that additional biological
data and/or further extension and modeliog
of the existing data bases are necessary.
The former will be accomplished as an exten-

to my recomended changes and to compare sion of the work described within this
incapacitation estimates using the old and paper. The latter I leave to those experts,
now blast criteria. Shown are blast mea*- scientists, and researehers whose excellent
urements taken In the vicinity of a 105m. experiments and research made this paper
Howitter (17), a grid displaying bleast pras- possible and upon whom we, the vulnerability
auras for a range of bomb sizes (IP), and community, must rely for a more fundamental
blast measures taken inside an armored par- sasesoment of the effects of blast on our
sonnel carrier for a erise of shaped charge military forces in the modern battleficed.
high explosive antitank (HEAT) rounds with
cone diameters ranging from 84 to 250mm, all
of which have perforated the hull (19). The
two data points for 20 and 50g T.T charges.
identified with circle symbols, were also
meacared within the APC and are nsed so
reference measures for comparing the HEAT
data. Using the LD criteria for lethality,
incapacitation woulJl have been assigned only
to those personnel ranging from within 6.0.
of the blast source for a 113 ki bomb to
within 18.Om for a 907 kg bomb. Using the
99 percent tncapecitation criteria the
incapacitation son* it Increased to about
11.0m for a 113 kg bomb and about 29.Om for
a 407 kA bomb. For threshold incapacita-
tion, all personnel within 46.0% of a 907 kg
bomb are judged to be incapacitated to some
degree and those within about en 1P.O0
radius of the 113 kX detonation are incpap-
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Peak level : pressure difference AB
Rise time : time difference A3
A- Duration: time difference AC

f (b)

- \o IIIII/rii-

B-Duration: time difference AD

- (+EF when a reflection Is present).

Figure 8. Idealized oscilloscopic waveforms of

impulse noises
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CVNBINED EFFECTS OF BLAST AND FIRE ON PERSNL SURVIVABILITY

0T. E. T' tevw"- "A..

s paper deals with the analysis of hazards to sheltered personml in a
blast-fire environment produced by the detonation of a 1-MT nuclear weon near

aIround surface. Material for the paper was derived from a study by ZiT
o /Research Institute for the Federal Emergency Ianagament Agency (Reference 1).

A portion of a city consisting of Identical, single-fmilly framed residences
1 and three types of below-grade personnel shelters located in selected ares was

formulated and subjected to a simulated, single weapon nuclear attack. Zones
of structural blast damage were identified and debris distributions in sulected

Sareas were determined. Oebris piles were described in spatial coordinates and
/ composition (combustible, non-combustible) at various locations within the city.

Time dependent fire eofects were determined using existing fire ignition and

fire spread computer programs. Hazards were quantified and the probability of
people survival was estimated in terms of shelter effectiveness when located in

different zones of blast damage.

The three personnel shelters included (1) a conventional framed basement,
(2) a conventional basement having a reinforced concrete slab instead of a wood
floor overhead and (3) an expedient, pole type below-grade shelter..-.'

If sufficient lead time is available, each of the basements int finrst
two categories may be expediently upgraded to provide additional protectif
against the effects of blast and fires. Expedient upgrading of shelter space
includes all of the following measures that can be applied in available time

using readily available materials and equipment.
s Prevention of air blast entry
* Reduction of air blast loads on exterior surfaces

* Department of Civil Engineering, Illinois Institute of Technology, Chicago,
IL 60616 (Formerly Department of Civil Engineering, Valparaiso University,
Valparaiso, IN 46383)* Fire and Explosion Research, 4T Research Institute, Chicago, IL 60616
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* Structurl strengthening against air blast
* Provision of redlation protection
• Fi*pre mvention

* Provision of firefighting equp1mnMt

Expedient upgreding masures are cunsida °d

Although the oqfasis is on haetray produced by a nuclear ampon detnation.

the results can also be vised in the context of a large, ceventional accidental
explosion,.

DESCRIPTION OF SHELTERS

gsemnt SLhlters - Both basements are of a type that may be found in two-story
framed, single-family residence except that one has an overhead wood Joist floor,

and the other a light reinforced concrete slab.

The building type studied can be considered to Include all single-family,
two story residences constructed with wood stud ills, wood Joist floors and
ceilings, and wood rafters or wood truss framing. The framing system mWy be
*balloon", "platform" or any variation. Structure, space and wall opewings are
considered to be in general accord with municipal codes. Sizes range from 1000
to 2000 square feet for two to five bedrooms. Exterior wall coverings Include
wood, composition, stucco or metal siding over Insulation board. Interior walls
are primarily wood stud with gypsum board or plaster covering. Roofs include
different shapes and slopes with wood or composition shingles and flat roofs of
asphalt and felt built-up construction with gravel topping. Where they exist,
basements are with the first floor at grade or several (1- to 3-ft) above grade.
The floor over the basemnt generally consists of wood Joists with flooring,
however in special cases a light reinforced concrete slab Is used. Basement
foundation walls are of concrete block or plain concrete supported on wall foot-
ings. The basement floor Is a concrete slab. There are windows leading into
the basement.

A structural analysis suggests the following damage/distance characteriza-
tion for the building.

1iT RI$5ASCRf INSTITUTE
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TABLE 1 I)/NW/D]STANCE'CTMMCTRIZATION FOR A T0-STORY FIWD h0SE

ibmag.~~~O FvueFlet rnu tos *v~ ~d
Ove assur,, psPi hr. WW

SeWvre (Buildings 3.5 0 to 3.6S~destroyed)

Nlodesrs (buildings 2.0 to 3.5 3.6 to S.3
stahiding with major
wall/roof dMagM)

Light (broken wlndows 2.0 5.3
or none)

Expedient Pole Shelters - This type of shelter is constructed In an open trench
using poles (logs) cut from local trees. Construction Is reminiscent of a log
cabin. This results in a long rectangular shelter having a roof, walls and floor
consisting of poles covered with waterproofing and backfilled with soil. Complete
plans for such shelters have been developed at ORNL (Oak Ridge National Laboratory)
including blast doors and expedient ventilation systems (Ref. 2, 3). A number

have been tested in the field (Ref. 3).

ar Strengths of the two basement shelters both as built and expediently upgraded

are as indicated in Table 2. The estimated strength of the "small" pole shelter

also is given.

TABLE 2 FREE FIELD OVERPRESSURES FOR INDICATED FAILURE PROBABILITIES

Shelter Free Field Overpressure, psi

Wood Floor Over Basement:
As Built 2.0 2.8 4.0
Expediently Upgraded 3.3 5.1 8.3

Reinforced Concrete Floor Over Basement:
As Built 3.0 3.9 5.0
Expediently Upgraded 6.0 7.8 10.0

Expedient Pole Shelter 30.0 40.0 50.0

Failure Probability, Percent 10 so 90

11T IllSIAlrt INSTITUTI
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FMLUWNE wFINITION

Failure, as used in Table 2, refers to incipient structural failure. This
maons that the structuft or element has been loaded to the point whro It will
collapse wittO frther addition of lead. This also implies that the struc-
ture that has fatiled is damaged to the point where repair is either impossible
or grossly uneconomical.

Since there is no single alt blast parmater that will serve as a unique
measure of structural failure, this paper uses the free field ovepressure as

the index measure. The index free field overpressure is that value which would

exist (in the free field) at the location of the structure.

WEAPON EFFECTS

Weapon effects considered include the prompt effects of therml radiation

and blast produced by a lNT nuclear weapon detonated near the ground surface.

Prompt nuclear radiation is neglected and, therefore, these results are valid

for shelters having adequate (1- to 2-ft of soil) radiation shielding over its

periphery. Thermal radiation is not an important casualty mechanism for people
in basements, but is important as the mechanism for primary ignitions. The

effects of blast that are considered include loading of shelters, debris forma-

tion and translation, and the suppression of some of the initial ignitions pro- C
duced by thermal radiation. Corresponding casualty mechanisms include primary
blast, impact and crushing of people by debris from failed portions of structures,

and the effects of fires.

FIRE EFFECTS

Examination of fire effects on personnel shelters requires that each building

or local area to be studied must be considered as part of a larger, or total,

city area in order to assess fire spread to the local area from its surroundings.

A hypothetical city was formulated and was considered to extend in all directions

from ground zero beyond any fire or blast affected areas. It had the following

characteristics.

1. All buildings are two-story framed residential houses

2. Overall city building density is 15 percent

3. Local area (tract) buildi;ng density is either 5 or 15 percent

SIT RESIEACH INSTITUTE
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4. All tracts are 1/2- by 1/2-mile.

S. suildin epgration (distribution) within tracts is a function
of b1dfrng 4*sty andabul[dtng plan irees lbald o*a $oawy
of residential areas of ODtroit, Mitchigan (Ref.

6. Buildlng upartion across tract boutndaries is conifd!red toa
be lO0-ft for 90 percent of tract perimeter and infnitot, 1.*4
no fire brand crossing 'or the remaining ten pereint.

7. Trees and bushes are bare (the season is late fall, winter or
early spring)

The city was subjected to a simulated nuclear weapon attack consisting of

a single 1-MT weapon detonated near the ground surface. The post-blast state

of the city was determined by performing a structural analysis on the character-
istic building followed by a debris transport analysis. The structural analysis

resulted in 1) zones of blast damage identified as severe, moderate and light
(see Fig. 1), and 2) the number of debris pieces produced by the building, their

size and weight. The debris included building fragments and furnishings. The

time-dependent debris trajectory analysis produced a spacial distribution of de-

bris which was described in terms of debris weight, depth and composition (com-

bustible, noncombustible) as a function of ground location. Time dependent fire

effects were then determined for the simulated city.

The initial ignition pattern was determined using an analysis which con-

sidered the modification of primary sustained ignitions by the blast wave and
included predictions of secondary fires. Fire spread throughout the city was

assessed for a 15 percent building density assuming no concerted firefighting

efforts. Fire spread was due to radiation, convection and fire brands. Indi-

vidual tracts (local areas) were subsequently re-evaluated to establish the Im-

pact of fire prevention and firefighting efforts on local fire progress and

severity. Each tract was considered to be wholly of a single level of blast

damage and was assigned the damage level representing the majority of its area.
The tracts considered for re-evaluation were located as shown in Fig. 1. Twelve

combinations (cases) of fire prevention and firefighting activities were con-

sidered for each of these tracts as identified in Table 3, and are defined as

follows:
A - percent of primary ignitions prevented (preattack measures)

B - minimum number of fires extinguished per 15 minute period

C - percent of active fires extinguished per 15 minute period

D - maximum number of fires extinguished per 15 minute period
lIT RESEARCH INSTITUTE
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21

Dpiitions, Severe Blallt Damlage •Tninttion.. Negligible Blast. Damalge

2-

* gnitions. Moderate Blast Damage Tracts Selected For Local Study

Figure 1 mortheast Section of Target Area

Tract Designation, Blast Damage, and
Tracts Selected For Further Study On A Local Basis
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In "A" we are dealing with preattack coumtetwasur*s capable of preventing a

percentage of primarj ignitions. "C" is the percent ot active fires in the

tract extinguished In each 15 minute period with a lower bound( of "B" fires and

an upper bound of "D" ftrs.I

Case I is provided to show fire spread when no fire prevention or fire-
fighting occurs. It serves Re, the "worst case" for comparison. C.ases 11 and

12 indicate high efficiencies of fire prevention but no firefighting. Cases 2

to 7 have no fire prevention efforts, but a variety of firefighting efforts.

Each represents a differing number nf firefighting teams* per tract (it raay

require more teams to do the same Job in the blast damaged area). Setting a

minimum firefighting effort for cases 5 and 6 was done to examine the importance,

if sny, of continued firefighting efforts in periods of few fires. Case 7 sets

firefighting at a constant value of five fires per 15 minute period.

Cases 8 to 10 include both fire prevention and firefighting efforts. Cases
9 and 10 indicate the effect of chenging level of firefighting under 50 percent

ignition prevention (and can be contrasted to cases 5 and 6). Cases 8 and 10

can be combined with case 5 to indicate the effects of varying fire prevention

levels supported by moderate firefighting activities.

SELECTED RESULTS L(F FIRE DEVELOPMENT

Examples of fire development calculations are presented for tract (5, 14),

see Figure 1. This tract lies tiholly within the area of negligible blast damage

and receives few weapon ignitions. It Is examined for building densities of 5
and 15 percent, and for 311 twelve fire prevention/firefighting situations.

Results are presented in Figures 2, 3, 4 and E. As shown in Figure 2

(curve 1), the tract with 15 percent building density, even with limited 'Igni-

tions, gradually develops in fire intensity until, at 9.56 hours after detona-

tion, almost 20 percent of the total tract buildings (230 out of 1193 buildings)

avre simultaneously burning, and the majority of the tract has been consumed. In

the same tract at 5 percrnt building density (Figure 4, curve I), nominally a

• An indication of firefighting team's performance 4S provided in Reference 5
which describes firefighting requirements to suppress all incipient fires
priov, to major building involvement.
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More promising Site for survival, fire frequency Is stil11 rising at 10 hours
with about 10 percent of the total tract buildings burning stmultawweously. While
this represents (10/20) (5/16) - 1/6 the numbr of fires per block as compared
to the higher density tract, it still represents an unsatlsfactoty situation;
and, the continuing rise at 10 hours Indicates that, again, most if not all of
the tract will eventually burn if no firefighting action is taken. As shown by
curves 11 and 12 of Figures 2 and 4, fire prevention efforts alone only delay

the consequences of fire for about I hour (compare curves 11 and 12 with 1 in
Figures 2 and 4).

For the tract of 15 percent building density, a minimum firefighting effort
of S suppressions every IS minutes is required to affect permanent control
(Figure 3, curves 6,7,9); although moderate firefighting (10%) with a minimum

suppression of one fire every 15 minutes delays the initiation of rapid fire
development for about 5 hours (Figure 3, curves 5, 8, and 10), growing to 2
percent of buildings active burning at 10 hours; and still groving. For the

low building density tract, a moderate firefight effort (10%) offers control
(see Figure 5) as long as a minimum of one fire per 15 minute period is sup-
pressed (compare Figure 5, curve 5 with Figure 4, curve 4).

PROBABILITY OF SURVIVAL
Basic Considerations - The probability of people survival, P(S) it a shelter

can be expressed as follows (Ref. 6).

P(S) - Ps)P(Snr )P(Sfe )P(Sfr) ()

where P(Ss) - probability of surviving structural (shelter)collapse, i.e., debris effects

P(Snj w probability of surviving prompt nuclear radiation

P(Sfe) - probability of surviving fire effects

P(Sfr') - probability of surviving fallout radiation
P(S sc) can be expressed as follows:

P(SIT)P(F) + P(SjF)P(F) (2)

whe-e P(SIT) - probability of people survival given that theshelter does not fail

P(r) - probability of shelter structure survival

Il E*usuAmC" INSTITU"E
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P(SiF) prmbabilb of Mwle survival ljvM that the
sheltar Ml s (tol1apse.)

PF) a probability of shelter c•llapse- I - P(n)

As indicated previously, the bauomt shelters ONSidered can be espediently

upgraded to increase the overpressure at which collapse occurs to at least the

values given in Table 2. Thus, fifty percent of framed basemt shelters would

survive, P(T) - 0.5, to at least the range of 5.1 psi, basements with reinforced

concrete roof slabs to at least the 7.8 psi range, and expedient pole shelters

to at least the 40 psi range, These values extend well into the region of major

blast damage as defined in Figure 1. For these types of shelters no casualties

are expected due to debris effects prior to shelter collapse and, therefore,

P(SIF) can be set equal to 1.0, and from (2), P(Ssc) 1.0. Assuming that a

sufficient depth of soil cover has been provided in each case, then P(Sfr) - 1.0.
Fallout radiation should not be a serious problem for people in shelters which

have adequately survived blast effects, providing that fires can be prevented or

mitigated.

The Effects of Fires on Peotle Survival - Shelters in Local Areas of Light

and Moderate Damage - The results of analysis conducted in the course of this

study (Ref. 1) indicate that no rajor differences in fire effects are expected

between those shelters in regions of moderate damage and regions of light damage

because most of the fuel remains on the site, and not much fuel is transported

in from the region of severe blast damage. These two regions are thus treated

together.

In both regions, fire prevention/suppression efforts are necessary to pre-

vent a general burnout of the local areas at both the 5 percent and 15 percent
S~building densities. Without such a combined effort. buildings over and around

the shelter areas are expected to burn.

The basement with the wood joist overhead floor will fill with smoke and

toxic gases once the residence is ignited. This is due to the fact that the

first story walls being hollow will conduct the gases between the studs, past

the joists, and into the basement. This has been demonstrated by experiment.

In the lower (5 percent) building density region, firefighter efforts might

be successful in protecting the structure over the basement from burning. in

more densely built-up areas this would be much rore difficult to achieve unless

lIT RESEARCH INSTITUTE
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the building housing the'shelter was located In a locally low duity region
uniuely seParsted from surrounsding structures.

The probability of pMple survival In basements with wood Moit eveulm
floor* would be directly related to the pv'oebablit)' that the kulidieg above the
barnent does not bumn. Without fiv pe vetieh,'smpressioin effbrts the puinba-
bility of survival (P(SfV)j. would be very low in which cuse the shelter would
need to be evacuated.

Burnout of a standing building over a basement with a reinforced concrete
overhead slab has been shows to offer minimal effects on the heat envivonimmnt
in the basement below (Ref. 7); and, a r~s~er of simple countermeasures hae"
been demonstrated to further minimize shelter heating (Ref. 7, 8). Fresh
ventilation air Is expected to be readily available (Ref. 7.8,9.10). Thus.
this type of shelter can be protectod against fire effects with limited fire
prevention/supprezzim' efforts, such as remval of burning or smoldering debris
from basemen t entranceways and fresh air intakas. The priobability of people
survival in such a baefownt is, therefore, high in regions of light to moderate
dawage, and is only weaklry depordent on the probability .hit the building above
the. shelter does not burn.

Since residential 3t-uctures are expected to remain essentially on site in
these regoims of blast damage., shetter occupants in expedient, pole type shelters
should find no need for any specific reyedlal action against fire effects, The
probability of people survivin'g fire effects in such shelters is, therefore.
"vry close to 1.0.

The Effects of Fires on epeSri Shelters In Local Areas of
Severe Damage - As shooin in Figure 1,* severe damage is considered toe occur at
free-field overpressure ranges greater than about 3.5 psi. In this region damaged
shelters and ignited de'bris piles combine to produce a highly bazardous environ-
ment. The debris piles estimated for this region are certainly not continuous nor
uniformly distributed. However, the probability Is hiigh that the maximum fuel
loading over the shelter may be up to 25 lbs per sq ft for 5 percent building
density and up to 75 lbs per sq f't for the 15 percent building density. These
are extremsely high combustible loads. It is very doubtful that shelter occupants
in basement shelters with-wood floor overhead systems can remain within for any
extended time period in ignited portions of this region.

14,8



Sesedas results of privious studies dealing rith debris fires (Flef. 91, 10),.
habitability to roinfovced concrete beummeet s"eters under Ionited debrs ples
having high fuel leeds is possible only when the shelter envelope is undamaged
and offecl~ve 1d1&1 action is takam. This weul~ loclude roova sI o burning(I)

dobs m ta talrroof*, venti latien qesing and ontronemiss and puttim,
out fires. In the case of a blest dvming shelter, people probably ,ald n*edI

The expedient, single purpose pole shelter, assumed to be earth covered and
under lest debris, should suffer only minor shelter heating problems. However,
there may be a period during which air quality is a problem. This may be miti-
gated by means of preatteck end/or post-attack countermeasures. The probability
of people survival in this shelter in regions of major blest daage should r*-
wain high.

Assuming that the two basement shelters ame expediently upgraded, are
undamaged when subjected to the blast load, and remedial action is taken by
the shelter occupants, then the probability of people survival is estimated
as shown In Table 4.

TABLE 4 PROBABILITY OF PEOPLE SURVIVAL, P(S)

Shelter Type Region of Light to Region of Severe(1
Moderate Damage Damage

1. Upgraded Wood Framed, 0. 05 < 0.5
Basement, Shelter

2. Upgraded Reinforced Concrete,,", 0.9 > 0.5
Basement Shelter IC 1.0

3. Expedient, Pole Shelter 1.0 < 1.0

COINCLUSI ONS

The study described has taken a first comp~rehensive look at the problem of
evaluating the hazards and the probability of people survival in a blast-fire
environment produced by the detonation of a 1-NT nuclear weapon.

*A water layer on -the rois the viable alternative (Ref. 7)
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Hl A ccmputer algorithm for detemining the makeup of debris piles produced by

th. breakup of buildings wen subjected to a blast load frm a nuclear weapon was
ftmulated, programed and used In the study descrbed.

Fire ignition and fire spread was predicted using existing comuftr prooram

(References 4, 12-15) which wsre modified to be able to predict ignition and

spread of fires in regions where buildings are damaged by the blast.

The týree personnel shelters studied Include (1) a conventional wood framed

basement. (2) a conventional residential basem•t with a reinforced concrete
overhead slab, and (3) an expedient wood pole-type, below grade shelter.

The first categry shelter was found to be only marginally effective even

in the zone of light blast damage. Probability of people survival in such a
shelter Is strongly dependent on the probability of ignition and the correspond-
ing fire suppression measures. This type of shelter is not recommended in fire-

prone areas without substantial countermeasures. Categorf 2 shelter is quite
effective in zones of light damage requiring few countermeasures. In areas of

severe blast damage, and due to large quantities of burning debris, the effec-
tiveness of this shelter is diminished. Significant countermeasures are required

to maintain its effectiveness. The expedient, pole-type shelter proves to be the

most effective of the three. This is due to the fact that this shelter can be
sited in open areas away from major debris sources, thus minimizing the problem

of burning debris in its immediate vicinity.
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ABSTRACT

amage-risk criteria for man subjected to one or twenty short-duration
blast waves were presented in terms of peak overpressure, duration, overpressure
impulse, range, and yield. Threshold and severe injuries to the lungs, gastro-
intestinal tract, and larynx were considered. Predictions of a 1-percent prob-
ability of mortality and selected injury levels were also given for repeated
blasts of long duration. The results suggested that repeated blasts of sub-
threshold levels for a single exposure do not cause gross non-auditory Injuries.
For repeated blasts above threshold levels, the severity of blast injuries
tended to increase with the number of blasts.

This research was supported by the Army dical Research and Develop-
ment Command, Walter Reed Army Institute of Research, Ar' a Interagency Agreement
No. 0026, under U. S. Department of Energy Contract No. DE-ACO4-76EV01013, and
conducted in facilities fully accredited by the American Association for Accredi-
tation of Laboratory Animal Care.

This research was conducted according to the principles enunciated in
the Guide for Laboratory Animal Facilities and Care prepared by the National
Academy of Sciences-National Research Council.

1490; I-

. t1 16&4--,



SINTF92WFON

The Walter Reed Army Institute of Research (WRAIR) was formally tasked

by the U. S. AMy Medical Research and Developrert Command in February 1978

with establishing a research program to study the pathophysiological effects

of blast overpressure. Among the questions to be answered were: (1) What

physical characteristics of the blast wave are associated with injuries to

vital organs? (2) What are the thresholds for Injury to the various organ

systems of man? (3) What approaches are available and most feasible for pro-

phylaxis and treatinent of blast overpressure injury?

The Amy's interest in blast (,verpressure effects resulted from muzzle-

blast measurements at the crew positions of Army weapons systems which exceeded

the levels set forth in Military Standard 1474 (Reference 1). This document

contains damage-risk criteria for auditory injury "rom impulse noise in terms

of peak pressure, duration, number of exposures per day, and the heiring pro.,

tecton used. The Office of the Surgeon General has adopted the upper limit

(Z-line) for impulse noise in this standard as the level that should not be

exceeded because of the possibility of non-auditory 5last injury.

Since 1978 our laboratory has be2n contracted by the Blast Overpressure

Project, Department of Clinical Physiology, Division of Medicine, WRAIR, to

study the consequences of repeated blast exposures in large animal mode's.

For each of the experimental arrangements tested, lower overpressures were re-

quired for injury to the upper respiratory tract and intra-abdominal organs

thcn those required for lung injury. Moreover, ths-results have shown that

repeated blasts at threshold injury levels for single blasts will significantly
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Increase the severity of injuries. Thse data were reported in Reference 2

"along with a summary of the literature on repeated blasts. C )
This presentation will first give damage-risk criteria for man sub-

Jected to one or twenty blasts of short duration. The criteria relate the

peak overpressures required for threshold and severe injury to the lungs,

larynx, and gastrointestinal tract (G.I. tract) as a function of duration

and impulse. Secondly, damage-risk criteria for repeated blasts of long

duration will be presented. These include selected injury levels produced

by one ow five blasts and curves relating a 1-percent probability of mor-

tality to the incident blast overpressure and the number of blast exposures.

METHODS

EXPERIMENTAL DESIGN

The damage-risk criteria presented in this report were, for the most

part, based on the results obtained from three studies.

'The isopeak pressure study involved subjecting groups of six sheep to

20 consecutive blasts each ha-ving an incident peak pressure of 10 psi. The po-

sitive impulses ranged from 9.2 psi.msec from the 1-lb charges to 32.7 psi.msec

for the 64-lb ones, Table 1.

The isoimpulse study consisted of exposing groups of six sheep to 20

blasts each with an impulse of 20 psi.msec from one of five charge weights.

The peak pressures ranged from 38.5 psi in connection with the 3-lb charges

to 3.8 psi from the 64-lb char"'es, Table 2.
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TABLE

In,
PRESSURE-TIME EVALUATED IN ISOPEAK PRESSURE STUDY

Peak
Charge Range, ft Pressure, Duration, Impulse,

Weight, lb (HOB, ft) psi msec psi.msec

1 11.1 10.0a 2.3 9.2

(1.6) 0.4 0.1 0.4

8 21.3 9.4 4.3 16.1
(.3.2) 0.6 0.2 1.2

16 27.0 10.1 5.8 21.3
(6.0) 0.9 0.8 1.2

32 34.5 10.1 6.8 27.3
2.1) 0.5 0.8 2.6

64 44.2 10.1 8.6 32.7
(10.1) 1.1 0.9 3.4

ia
a Mean and standard deviation tor 20 blasts.

Ambient pressure at test site; 12.0 psi.

i149
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TABLE 2

PRESSURE-TiME EVALUATED IN ISOIMPULSE STUDY 0
Peak

Charge Range, ft Pressure, Duration, Impulse,
Weight, lb (HOB, ft) . psi msec psi msec

3 7.8 38. 5a 1.8 18.7
(1.2) 2.6 0.1 1.5

3 15.6 16.9 3.8 20.4
(3.2) 0.9 0.3 1.5

16 27.0 10.1 5.8 21.3
(6.0) 0.9 0.8 1.2

32 43.0 7.0 8.5 22.6
(6.0) 0.8 1.3 2.2

64 76.3 3.8 11.7 19.4
(10.1) 0.2 0.8 1.4

a Mean and standard deviat.on for 20 blasts.

Ambient pressure at test site: 12.0 psi.

1I
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The peak pressure/Impulse study was conducted to supplment the first

two and eval.uated 20 blasts each with one of the peak pressures and impulses

listed in Table 3. There were five or six specimens per group.

TABLE 3

PRESSURE-TINE EVALUATED IN SELECTED
PEAK PRESSURE/IMPULSE STUDY

Peak
Charge Range, ft Pressure, Duration, Impulse,

Weight, lb (HO", ft) psi msec psi'msec

64.0 52.0 7 . 5a 9.7 28.6
(10.1) 0.27 0.94 0.38

0.5 7.5 13.6 1.7 8.2
( 1.0) 0.74 0.10 0.23

8.0 14.5 18.5 3.6 21.0
(2.0) 1.35 0.08 1.38

0.5 5.9 22.2 1.4 9.0

(1.0) 0.84 0.13 0.25
8.0 13.5 22.7 3.6 24.0

(3.0) 0.84 0.15 0.97

0.5 5.2 29.6 1.1 10.8
(1.0) 0.86 0.04 0.23

a Mean and standard deviation for 20 blasts.

Anbient pressure at the test site: 12.0 psi.
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Within the three studies, groups of two or three subjects were ex-

posed to a single blast at one of the pressure-time conditions evaluated.J

EXPLOSIVE CHARGES

The 0.5-, 1.0-, 3.0-, and 8-lb charges were spheres of cast pentolite.

The larger charges were made up of 8-lb blocks of cast TNT.

The charges were detonated by an FS-10 Portable Geophysics Exploding

Bridgewire Firing Set using RP-83 EBW detonators (Reynolds Industries, Inc.).

The detonators were placed in the center of the pentolite spheres and were

taped to the TNT cherges along with about 10 g of Composition C-3 as a booster.

There was about a 5-mmn interval between firings except for the 64-lb

charges where the interval was near 10 min.

PRESSURE-TIME MEASUREMENTS

Pencil-shaped piezoelectric gages (Susquehanna Model ST-l) were used

to make the free-field pressure-time measurements. The outputs from the (
gages were passed through a Textronix differential amplifier (Model AM502)

and recorded on a magnetic-tape unit (Ampex Model PR2230), Paper strip chart

records were obtained from the magnetic tape using a fiberoptic visicorder

(Honeywell Model 1858). The peak overpressures, durations, and impulses were

read from the hardcopy. The duration of the positive phase was measured from

the Initial pressure rise, zero time, until the trace first dropped below base-

line. This is the A-duration and not the B-duration commonly used in the field

of auditory effects of impulse noise.
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TEST SPECIMENS

SThe test specimens were Columbia-Rambouillot cross open Ies Of from

40- to 50-kg body weight. A fishnet harness was used to keep the sheep stand-

ing on all fours and oriented right-side-on to the blast. All ware given se-

dative doses of Rampun* I.M. 15 min before testing.

INJURY ASSESSMENT

All animals were sacrificed 1 hr post blast by anesthetic doses of

Nembutal* I.V. and exsanguination. Postmortem exmrinations were conducted.

Gross pathological findings from the lungs, G.I. tract, and upper respiratory

tract (larynx, pharynx, and trachea) were recorded. The minimal or threshold

injuries consisted of small groups of petechiae on the lungs, light contu-

sions in the wall of the G.I. tract, and petechiae lining the upper respira-I tory tract. In the opinion of themedical experts, such threshold injuries

would not be expected to impair human performance. They would be benigh,

( asyimptomatic, and probably would not produce any discomfort to the individual.

I They would be self-healing without treatment.

Severe injury to the lung was characterized by large, confluent hemor-

rhages deep into the parenchyma and bloody froth in the bronchi and upper

respiratory tract. Severe G.I. tract injuries consisted of large areas of

subserosal and submucosal contusions scattered throughout the system with

mucosal ulcerations hemorrhaging into the lumen of the organs. The severe

upper-respiratory-tract injuries consisted of hematomas lining the larynx,

pharynx, and trachea resulting in a reduction in the inside diameters of

W those organs. Severe injuries would present serious lesions that could be

life threatening to the individual.
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S, ANALYSIS
SThe wasured overpressures, durations, and overpressure impl~ses were row*,&

Sscaled to a 70-kq In at sea level using the procedures discussed in Reference

3. The scaled overpressures were plotted as a function of the scaled durations

and curves were drawn to define the conditions for threshold and severe injury.

In general, the threshold-injury curves were drawn througb the highest over-

pressures where no or only very minimal injuries were detected, and the severe-

* injury curves were drawn through the lowest overpressures where severe injuries

(as discussed in the previous paragraph) were detected. An analogous procedure

was used to obtain Injury curves for scaled overpressure vs scaled overpressure

impulse.

Each point or the curves defined an overpressure and either a corres-

ponding duration or a corresponding impulse which were then converted to a range

and yield by assuming a TNT detonation at a scaled height-of-burst of approxi-
1/S

mately 2 ft/lb . In each case, the range-vs-yield points obtained frohi the

overpressure-vs-impulse curve agreed closely with the corresponding points oh- (
tained from the overpressure-vs-duration curve. The final range-vs-yield curves

were smoothed through all of the points obtained by both procedures.

RESULTS

DAMAGE-RISK CRITERIA FOR REPEATED BLASTS OF SHORT DURATION

The incident overpressures necessary for threshold and severe Inju-

ries from 1 or 20 blasts appear as a function of duration in Figure 1. In

general, the curves bend upwards at the shorter durations. The threshold

4
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Figure 1. Damage Criteria Curves for Personnel Standing in the Open
in Relation to the Incident Overpressure and Duration.
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owepresswo .tsoetand vltb 20, OASt itsas Ih~a ft e, 1 'and

lowest for the larynx., For explie, with bla waves of OSIOc AOation these

threshold overpressures are ae 15.5 psi fbr the lung, 9.5 pst for the C1.

tract, and S.0 psi for the larynx. Except for very short durotions, there are

no important difn'erences between the incident overpressures required for thresh-

old injuries from 1 blast and those required from 20 blasts. This would sug-

gest that the nwmber of blast exposures is unimportant provided the overpres-

sures are at subthreshold levels for 1 blast. As seen in Figure 1, for the

G.I. tract, the curve for 1-blast threshold injury is about the same as the

curve for 20-blasts severe injury.

The incident overpressures associated with these injury criteria are

plotted as a function of overpressure impulse in Figure 2. These curves are

similar to the critical-load curves used to predict structural damage. That is,

there is a critical peak pressure and imrulse both of which have to be exceeded

in order to inflict damage to a particular structure. The critical overpressures

can be estimated from many of the curves in Figure 2, but additional data would

have to be obtained at close ranges from very small charges In order to accu-

rately estimate the critical impulses. For underwater blasts, the critical

impuises could be estimated at greater ranges from larger charges because the

surface cut-off wave truncates and thereby shortens the duration of the inci-

dent wave.

Criteria in Relation to Range and Charge Weight

Figures 3 through 6 present curves for charge weight vs range

where threshbld Injury or severe injury can be expected to occur from 1 or

1500
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Figure 4. Ranges for Threshold Injuries in Personnel Exposed to 20 Blasts
as a Function of Charge Weight.
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Figure 5. Ranges for Severe In~juries in, Personnel Exposed to One Blast as
a Function of Charge Weight.
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Figure 6. Ranges for Severe Injuries in Personnel Exposed to 20 Blasts
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20 blasts. These curves apply to a man standing near detonatiorns at low heights

of burst for sea-level conditions.

Ii, regard to threshold injury from I or 20 blasts (Figs. 3 and 4)

le;ions to the larynx were the most far-reaching effnct, followed by the G.I.

tract and the lung. This sequence changes with respect to severe Injury from

20 blasts (Fig. 6) where 6.I. tract injury is tUe most far-reaching effect..

This is probably due to the fact that repeated blasts can cause a threshold con-

tusion ih the .... tract to grow in size leading to disruption of the mucosal

linirig with concomitant hemorrhaging into the lunen of tne organ which warrants

a severe rating,

The rarges for threshold injury from 1 and ?0 blasts ,were about

tne same except for charges of less than '0 lb Figs. 3 and 4'.

It can be seen in Fiqures 5 and 6 that the r'Anges at which se-

vere inJury to the C.I. tract can occui- from 20 blasts are nearly twice those

for a sing)( blr The differer-e in thpse ranges for severe iuvng injury was

far less than tia.a ...Qr G.I. tract.

DA.MAGE-RISk CRITERIA FOR REPEATED BLASTS OF LONG DURATION
Injuries

Table 4 gives estimates of the peak overpressures for I and 5

blasts required to produce nelected injuries in man, Reference 2. The esti-

mates were based on;the results of tests wherein sheep and swine were exposed

to nigh-explosive-generated blasts ,while against a reflector plate in a shock-

tube. The durations of the blast waves were on the order of 10 msec. They

were deliver-ed at a rate of 1 oer min. The overpressures requirad to produce

selected injury levels in animals were scalea to long-duration cnes at sea

level and to the body weight ot man.
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TABLE 4

INJURY VS OVERPRESSURE FROM ONE OR FIVE LONG-DURATION BLASTS

Effective Overpressure, psi

Injury Level One Blast Five Blasts

LARYNX

Sl ight

Threshold 6 3
50% Incidence 10 5

Moderate-Severe

Threshold 10 5
50% Incidence 12 8

GASTROINTESTINAL TRACT

Threshold 8 7
50% Incidence 12 8

Moderate-Severe

Threshold 12 8
50% Incidence 18 14

LUNGS

Threshold 11 11

50% Incidence 16 16

Moderate-Severe

50% Incidence 27 21

Effective overpressure may be:
a. incident overpressure if personnel are end-on to the blast,
b. ircident plus dynamic pressure if side-on to the blast, or
c. reflected overpressure if against a reflecting surface.
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The predicted threshold for lung hemorrhage in man from a single

blast obtained by this method was 11 psi which was in agreement with previous

estimates of 10-12 psi, Reference 3. As seen in Table 4, the threshold values

from single blasts for laryngeal lesions (6 psi) and G.I. tract injury (8 psi)

were below that for lung hemorrhage. The overpressures required for given le-

veis of laryngeal lesions from five blasts were on the order of half those from

a single blast. A 50-percent incidence of moderate-severe injuries from five

blasts could be expected to occur at overpressures of 8 psi for the larynx,

14 psi for the G.I. tract, and 21 psi for the lungs.

Mortality

Previously reported estimates for a 1-percent probability of

mortality for man in various initial orientations are shown as a function of

the peak incident overpressure and number of blasts in Figure 7, Reference 2.

The curves were derived by taking the overpressures associated with 1-hour

mortality in large animals tested in the shocktube and scaling them to a 70-kg I
man and long-duration blast waves at sea level. The figure gives the incident

overpressures necessary to generate the same effective airblast dose for three

conditions of exposure. For personnel prone end-on to the blast, the side-on

incident overpressure constitutes the airblast dose. A single blast of 40 psi

could be expected to produce I-percent mortality. Three blasts of 25 psi

could produce the same mortality rate.

For personnel prone side-on to the blast or standing, the in-

cident side-on overpressure plus the dynamic overpressure represents the air-

blast dose. An effective dose of 40 psi and a 1-percent mortality would be

1508 0
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generated by an incident shock wave of 26.5 psi plus the associated dynamic

pressure of 13.5 psi, Figure 7. Three blasts of about 18.5 psi would cause

a 1-percent incidence of death.

For individuals against or close to a large reflecting surface,

the reflected pressure would be the damaging airblast parameter and, in this

case, an incident shockwave of 14.6 would reflect to 40 psi and result In a

1-percent probability of death (Fig. 7). Three blasts having incident over-

,! pressures of 10 psi could inflict 1-percent mortality among persons exposed

under this condition.

DISCUSSION

I It appears from the results of the present and previously-reported

studies that repeated blasts of subthreshold levels for single exposures are
I of no consequence as far as non-auditory injuries are concerned. During one

experimental series, sheep were given 50 blasts at a rate of I per min daily

for 4 consecutive days without gross injury detectable in their lungs or G.I.

tracts. The bldst overpressure was 7.5 psi (duration about 10 msec), which

was below the single-exposure thresholds for injury to the lungs (13 psi) or

j G.I. tract (10 psi).

Nearly all the investigations on repeated blast effects previously

Sreported were obtained by keeping the peak overpressure and time between

~ blasts constant within a given experimental series. The effects of varying

the magnitudes of the blasts and the time intervals between blasts deserve

further study.

1510
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Another area deserving attention is the effect of repeated blasts on

the unprotected ear. In particular, information is needed on the extent of

damage to the eardrum and ossicular chain as a functiun of the number and the

intensity of the blasts.

The injuries reported in the present study were determined by gross

otservations. More sensitive methods of detecting injury to the lung from re-

peated blasts are underway which include pulmonary function tests and techni-

ques to detect and measure pulmonary edema. Various biochemical markers are

also being evaluated in the blood serum of blast-injured animals as an early

indicator of disruption of tissue in the lung and G.I. tract. Detailed histo-

logical studies of tissues from specimens subjected to a wide range of blast

overpressures are also being conducted.

In regard to the mechanism of lung injury, intrathoracic pressures
$ ~(ITP's) have been measured in voluntee,'s exposed in various orientations to

shockwaves of 1, 2, and 3 psi, all of which are below the Z-line. On some

3 of the tests, the volunteers wore clothing and protective garments. The data

are currently beirng correlated with the ITP's computed by a mathematical lung

model for man and with ITP's measured inside sheep as well as in the foam-

plastic lung of a fluid-filled duuny exposed over a wider range of blast over-

pressures. Preliminary results indicate that the trends in the ITP's measured

in the volunteers receiving incident overpi'essures of less than 3 psi contin-
ued in the experimental animals and dummy at higher levels.
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LETHALITY OF UNPROrECTED PERSONS DUE TO DEBRIS AND FRAGMIENTS

by

Paul W. Janser
Ernst Basler A Partners

Consulting Engineers and Planners
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S• ABSTRACT

A qt'-ntitative model for the prediction of the lethality of unprotected persons
due to debris and fragments is presented. The model provides the basis for the
quantitative assessment of hazards caused by debris and fragments from various
sources such as crater ejecta, building debris and fragments from bombs and
shel Is,
in a first step, the effects of a single piece of debris onto exposed persons
are investigated. The lethalities of different body regions are evaluated in
terms of the debris characteristics.
In a second Jtep, tht lethality caused by the whole debris shower is obtained
by superposit,o.r
A sample applicatirn shows how the model can be used to predict the lethality
caused by c,-ater ejecta from su.'face explosions on soil

Paper presented to

Twentieth Explosives Safety Seminar, 24 26 August 1982
The Omni Hotel, Norfolk, Virginia, USA
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INTRODUCTION

In Switzerland, the safety of manufacturing and storage of ammunition and explo-

sives has, for some time, been assessed by means of a quantitative risk analysis.
In this analysis the expected damage in case of a possible explosion is estimated.
For this purpose, the effects of an explosion as well as the danger resulting to

persons at each location in the surroundings of the potential source of explosion

must be known.

In the course of compiling data on explosion effects it was noticed that only few

daha are available on the effects of debris and fragments. Often, these effects

cause the dominating risk for persons in the open. To fill this gap, a comprehen-

sive research programme has been started in Switzerland. This paper summarizes

the results of the efforts to develop a model for the quantitative assessment of

the lethality for pc'),5ons exposed to debris throw.

In addition, the results of the application of the model to hazards created by

crater debris from surface explosions on soil are presented.

STRUCTURE OF THE PROBLEM (
The assessment of the lethality of persons caused by debris throw can be divided

into the investigation of the debris shower and the investigation of the effects

on persons (see page 2).

The properties of the debris shower caused by explosions depend on many parameters:

type of explosive, casing and confinement of the charge, height of burst, sur-

roundings (e.g. barricades, woods, topography), etc. Therefore, a general treat-

ment is hardly possible.

To serve as an illustration, the results of the investigation about crater debris

s.•ower characteristics caused by surface explosions on soil are presented in the

example at the end of this paper.

The investigation of the effects of debris on persons can be subdivided in the

evaluation of the lethalities caused by single debris and the determination of

1514
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Sthe lethality caused by the whole debris shower.

t fim O flt W"*wm ofct #0ln~

Figure 1: Structure of the problem: Lethality caused by debris throw

INVESTIGATION OF THE LETHALITY CAUSED BY SINGLE DEBRIS

When investigating the lethality of a person due to single impacting debris, its

characteristics relevant for the lethality are assumed to be known.

For the determination of the lethality, the following two factors are of import-
ance:

Location of impact on human body

Probability of this location being hit by a single piece of debris

1515
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Influence of the location of IXpact

In our model, the location of an impact is being accounted for by dividing the
body into several regions. It is assumed that the sensitivity to debris remains

approximately the same at all points within one region.

The body can, of course, be divided into any number of such regions. However,
this is sensible..only insofar as it is possible to provide quantitative informa-

tion concerning the different sensitivities.

In the example of Figure 2, the body has been divided into four regions.

For the individual regions, the probability that a single impacting piece of de-

bris would be lethal has to be determined. This probability is called the basic

lethality XBij of debris i on region j. These basic lethalities depend on many

parameters which concern the characteristics of the debris as wall as those of

the exposed person itself. Figure 3 shows the most important parameters which in-

fluence the basic lethalities:

Characteriss of---
size f is'oro

drag~~ agefci

Figure 3: Parameters influencing the basic lethal ities o

1517

SSI tA ,wmlIn



To give an example, basic lethalities caused by impacting, non-penetrating debris

(e.g. crater debris) are given in Figure 4. These lethalitles were established dur-

ing the evaluation of various data of the respective literature (Ref. 2-9). In•,
the case of non-penetrating debris 'it is normally assumed that their kinetic ener- CI

gy (mv2/2) is the decisive factor for the lethality.

A,

,~70

4 _ I., I.,

II

0 20 30 50 60 i00 20 30 500 £00100 O 300 3000 6000 WOC0 I0000|J

; _,,on kinetic energy

Si In addition, Figjure 4 shows the 79-Joule-criterion (= 58 ft. ib) which is also

SI used in the NAT(] Safety Principles fur the storage of anrnunition and explosives

• i (Ref. 10). A.• mentioned in Ref. 11, this very old criterion appears to have been

S1518(i



borrowed initially from the German Army Doctrine (Ref. 12) at the beginning of

this century. In its crudest form, this criterion stated that missiles with less

than 79 J of kinetic energy do not kill, and that those with more than 79 J do

kill.

Figure 4 tells us that this criterion overestimates the effects of non-penetrat-

ing debris.

Probability of hitting a given location

For the investigation of the lethalities caused by a single piece of debris, the

probability of each region being hit plays an important role. To account for this

probability, the projected area Aij of the body region j onto the horizontal sur-

face (see Figure 5) is used. These projected areas mainly depend on size, position

(standing, lying, sitting) and orientation (front, back, side) of the exposed per-

son. In comparison to this, the NATO Safety Principles assume the projected area

of the whole body to be constant (A 0.58 m2 ).

frontal lateral

Figure 5: Projected areas of the body regions onto the horizontal surface;

Example: impact angle a E = 800

C
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Lethality caused by single debrisi

Ustig the two definitions "Basic Lethality ABij" and "Projected Area Aij" tho

lethality of a single piece of debris hitting the body (anywhere) can be estab-
lished as follows:

qEABA
A q -(1)J .. 1 ,JJ ij

Iq
Z Aijj=l

Lethalitty caused by multiple debris

K?'owing the lethality xi of a single piece of debris hitting a body, the letha-
lity of p impacting debris can be calculated as follows:

21 p

In practice, however, it is hardly possible to determine the lethality Xi of
every single piece of a debris shower. It is necessary to make simplifications, '!
for instance, by selecting groups of debris with similar characteristics

(e.g. similar values for impact velocity and impact angle).

The debris density 6i is usually evaluated (number of debris per unit area) when
tests or hazard evaluations are made. Therefore, this quantity is used in Table I
to characterize the number of debris in each group. Based on these data, the le-
thality of n debris groups can be calculated as follows:

n . q

S1 e i (i 1i j=l A ij (3)
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Table 1: Debris groups

- -f Iffa Ot~,he hle Ots# Aetwl

M, It of 0a

i *z '%l t

' % On

The following equation results when equation (1) and (3) are combined:

n qz.(Bj ) (4)

e-1 -e il Ili j-1 3 ij

The literature often uses the debris mass density 6i (debris mass per unit area)
instead of the debris density i (debris of group i per unit area). Both quanti-
ties are connected as follows:

i.

i = debris density of debris group i

'Ii = percentage of weight of debris group i

mi = average debris mass of group i

6 - debris mass density - debris mass of all groups per unit area

With relationship (5) formula (3) can be transformed into:

n q
E I i . z (Aij Aij)

e- •i~ m-. J=l (6)

1521
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ý::AMPLE: LETHALITY DUE TO CRATER EJECTA FROM A SURFACE EXPLOSION ON SOIL

In Ref. 1, the described model has been applied for the evaluation of the lttha-
lity of unprotected persons caused by uncased surface explosions on soil, In the

following, the results are shown together with the most important assumptions.

do"r

Figure 6: Problem: Lethality due to crater ejecta from a surface explosion
on~ soil

The investigation of the debris shower involves the follov..ing three steps:

00
152
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Based on the evaluation of various data from the literature (Ref. 13-20), the

following crater ejecta characteristics have been established:

Table 2: Assumptions concerning the specifications of crater ejecta

Properties RaWge Assumption for the Example

Form spherical to cubical

Dreg. coeff. C0  0.47 < C < 0.80 cD * 0.64

Wesity p 1700 kg/m 3 < p < 2300 kg/m3  P W 2000 kg/03

mpact Angle cE 60" < < 900o 80o

lmpact Velocity v E v < Vballistic 2 61 m/6 vE . 61 .1/6

v < initial velocity v0

(at horizontal terrain)

The distribution of the debris w•e8 depends on the type of ground, in the case of

cohesive soil also on the size of the charge. Figure 8 shows examples of typical

size distributions.

S- -: .. ...-.. .

0 /I

00-- - _ _ - . -

OL.004 o 0 O A .0 0.04 0.01 Q060 0.4 at2 0.6 I

5 /

Figure 8: Distribution of debris size and 0ass on various types of
ground and with different charge weignts

1523
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Upon using this model, it was assumed that the distribution of debris sizes in

percent does not depend on the distance from the charge, This simplification is

justified for charge weights up to approx. 100'000 kg (see Middle Gust Tests,

Ref. 20). In case of bigger charges one can find a disassociation with increas-

Ing distances: medium-sized debris fly the farest, whereas extremely small and

extremely big fragments show a shorter trajectory.

By comparing numerous relationships found in the literature the debris Maas

density 4 (= debris mass per horizontal unit area) was determined to be

6 = 27 • Q1.4 . r-3. 6  (7)

6 (kg/m 2 ), Q (kg), r (m)

The basic lethalities as listed in Figure 4 were used to describe the sensitivity

of persons. The impace velocities vE according to Table 2 had to be adjusted as

the velocities vertical to the body surface are decisive for the basic lethali-

ties.

Based on these assumptions, the lethalities of unprotected persons caused by

crater ejecta can be calculated as follows:

- 2 7 • Q.4 r-3.6 (8)

The values for o depend on the position and the orientation of the person, and

on the ground material. For standing persons and non-cohesive soil it amounts to

= 0.015. Figure 9 illustrates the relationship between lethality and distance

and the relationships for various charge weights Q.

Figure 9 also illustrates the lethality -elationship for a charge weight of

100'000 kg based on the assumptions made on the sensitivity of persons in the

NATO Safety Principles (critical energy 79 joule, exposed area = 0.58 m2 ).

This comparison shows that di-stances may differ by as much as a factor of two.
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SUMIARY AND CONCLUSIONS

To allow the practical application of risk analyses, basic information

must be available on the dangers to which persons are exposed to by each of the

individual explosion effects. In the literature, however, only few data exist

with respect to the dangers to which persons are exposed because of debris and

fragment throw. Therefore, this problem has been extensively studied in Switzer-

land. In a first step, a model has been elaborated to determine the effects of

various types of debris and fragments.

The advantages of this model can be summarized as follows:

Differentiating of influencing parameters

A practically unlimited number of parameters relating to debris characteristics

or persons can be considered.

Systematic Set-up

By way of systematically structuring the model, the interrelationship between

the individual parameters and their influence on the lethality can clearly

be shown. 4

General Applicability

The model is put together in such a way that it can be used for all kinds of

flying or dropping objects. Besides the presented example of the lethality

caused by crater ejecta, the model has also been used for the investigation

of debris from donor or acceptor buildings, for fragments of shells or bombs,

etc.

The applicability of this model is limited insofar as part of the required

quantitative information is unsufficient up to this day.

Cj 1526
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the ca use a nd ef fect of pay abolo g/ aol str ess in the o rd a c In-

dus try Sab type of indu stry has p orticular types of tech ntolo gical

adoraenisational 
euvirooments 

which produces varyi~ng types of•

o/

stressors which will cause different degrees of psychological stress

among its employees. The type of job that an employee is doing will

have a direct Impact upon him, positively or negatively, peycholog-

In addition to the stressors that exist In almost every industrial

teviroument, ordnance factories have an additional stressor, the

high hazard inherent the nature of their business. The manufacture

of ordnance requires a more disciplined work force, far more strin-

Sent safety prograums, and more comprehensive training procedures

than are found in moat other industries.

Jobs on operating lines that require employees to be exposed to re-

active matsrial expose the employee to a stressful situation that an

employee has to confront early in his career. In instances where

employees do not confront, and cope, with the high rick factor of

their jobs, psychological stress takes a strong toll on the employee

frequently leading to anti-social behavior and unsafe work acts

L ' ,The authOr'flew psychological stress as a critical factor in the

ordnance industry and one which has tremendous implications for the

safety of employess aety professionals will do well to study

stress and apply tha5 fe nding to the ordnance industry.

1582

0.



0 So much of the preliumary resareh into the subject of strese has

boon carried out by Doctor bus Selye, that It is necessary to be-

gin this analysis by referring to his researeb in the area of stress.

"Stress", according to H•ns Selys, "may be defined quite simply in

its medical sense as "essentially the rate of weer end tear in the

body."'I The effects of stress may be severe emotionml or physical

problems and sometimes both. Recent research has Indicated that

stress is an active Ingredient and on indirect cause of many of the

most prevalent diseases in our society.

The cause of stress in man is the result of the effect of the envi-

ronment, or aspects of the environment, upon him. Those aspects of

the euvironment which mny cause stress--noise, light intensity,

pollution, etc.,--we call stressors. Unfortunataly for men, we

tend to respond to all types of stressors in much the same way,

with varying degrees of intensity and duration. Man responds phys-

iologically to crisis situations with the flight or fight response.

The flight or fight response occurs in people when they "feel" they

are in physical or mortal danger. The production of stress hormones

is increased, the pupils of the eyes dilate, and the blood pressure

Increases; non-essential bodily activities slow down and-bodily

energy is transferred so that the body is prepared to save itself;

the sympathetic nervous system increases its activity; and the pare-

sympathetic nervous system decreases activity.

This same response can be elicited in mtn not only from fear or phys-
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toel deamasrl but frais uevcbdloaical threats wells For instano.'O

a person wmy not be in any real danger from having a ahack returned (
for Insufficient funds& but it my roeult 1A his Imfmedate physi-

clogical response occurring in the sam way that he would repoe

to a physical threat from a robber. Harold Go Wolff observed-

"112w stress occurring from a situation is based in large

part on the way the affected subject perceives It,. per-
caption depends upon a multiplicity of factors including
the genetic equipment, basic individual needs and long-

ings, earlier conditioning influences, and a boast of life
experiences and cultural pressurs, No one of these can
be singled out for exclusive emphasis. The coman denmo-
toator of stress disorders ti reaction to circumstances
of threatening significance to the organism." 9

All of this results from what Hans Selye calla The General Adaptation

Syndrome (G.A.S.). As already indicated, the body increased Its supply

of hornoues in order to be ready for action due to stress. Stress

results in the body activating the pituitary-adrenal-cortical system

to increase its output of hormones. The result is the response of

The General Adaptation Syndrome which occurs in three stages. Alarm

stage: evidenced by signs of confusion, disorientation or distor-

tion of reality. Resistance stages: signs of fatigue, anxiety,

tenseness or extrm irritability. Exhaustion stage: that is the

point of no return, apathy and emotional withdrawal set in. The

General Adaptation Syndrome cannot, of course, be observed. 2

"Stress," according to Selys, "is not merely nervous tension.",4 Selye

goes on to say that stress is the "non-specific response of the body

to any demand -mde upon it. 5 By non-specific Selye ma&n that stress.

acts upon the homeostatic balancing forces within the body, which re-

1



qul're the body to respond to stimuli in a pre-set manner, irreapec-

tiV of what that problem wy be that inat tes the stimuli. Dence,

Seher"As one my appear to have accepted a given situation extraneously,

internally his body my well be undergoing considerable reactive phys-

lological activity to cope with pohychological stressors acting upon

the body. Selye feels that it is important to make a distinction

between stress and distress* Distress is alvays unpleasant, but the

general concept of stress as seen by Selye includes such pleaaant

experiences as Joy, fulfillment and self-expression. Selye feels

that "complete freedom from stress is death...stress can be asso-

ciated with pleasant or unpleasant experience..,pleasant as well as

unpleasant emotional arousal ts accompanied by an increased physi-

ological stress but not necessarily distress.,,6

Essentially the body processes are homeostatic. The immediate example

is being that the body functions to maintain an internal temperature

of 98.6 degrees. Attempts of the body to treat stress have their

biological mochanizations. According to Selye, "All agents to which

we are exposed also produce a non-specific increase in the need to

perform adaptive functions and thereby to reestablish normalcy. This

is independent of the specific activity that caused the rise in re-

quirements. The non-specific demand for activity as such is the

essence of stress." 7 For Selye "it is immaterial whether the agent

or situation is pleasant or unpleasant; all that counts is the in-
tensity of the demand for readjustment or adaptation." 8

( However, accepting Selye's concept as our base, ie can turn to oberv-
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1U the ramifications of the G.A.S. by utiliuing the model for stress A.,t

set forth by the Natiomal Institute of Occupational Safety and Health

(hoerfter abbreviated as N11SH). * IOSH has mad* a distinction be-

twen stress and strain in developing a theory of work induced

stress. Stress is defined by NWSH as '...characteristic of the

environment which poses a threat to the individual" and strain as

"any deviation from normsl responses In the person either psych*-

logical, physiological, or behavioral.'"3 Psychological deviation

can take the form of job dissatisfaction, anxiety, low self esteem,

etc. Physiological responses would include such things as high

blood pressure or elevate serum cholesterol count. Behavioral symp-

Lois are .iudicated by such examples as *,moking or dispensary visits.

Expressed differently, stress refers to the property of the environ-

ment, strain is the effective reaction of the individual to it.

The distiuction between stress and strain is a logical one and will

be followed throughout this papor except where common usage or pre-

ference of a quoted authority may make such a distinction confustng

or superflouous. Streas will be seen *s a precursor to strain.

Stress can be combatted organizationally and environmentally, Strain

requires medical or psychological counseling service to correct.

1586 0
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The work place has the potential for creating a high stress envirormhmt.

The individual has to adjust to an orgnizsational enviroomat 'In order

to keep a 4ob. Lofquert and Davis bave coucluded that, 'Nork repre-

sents a major environmant to which mwet individuals must relate....

each individual seeks to achieve and maintain correspondence with his

environment:,.Ccorrspondeuce can be described in terms of the individ-

ual fulfilling the requirements of the work environment, and the work

environment fulfilling the requirementa of the individual." 1 0 The

process of adjustment is negatively or positively influenced by the

stressors in the environment.

Various types of work expose the employee to different degrees of stress.

It is accepted that police officers and firefighters are employed in jobs

I that have very high stress factors. Insurance carriers ign to these

two jobs a high risk value and the presumption is made that because of

the high stress involved in their work, firefighters and police officers

experience an unusually high incidence of heart attacks. In other words,

different organization create different stress causing conditions by

virtue of job descriptions, job f unctions and interpersonal relation-

ships on the job. As noted by Richard S. Lazarus:

The stress reactions appear to be the result of conditions
that disrupt or endanger well established personal and
social v2lues of the people exposed to them, or, in the
animal world physiological survivel or well-being. The
stimulus conditions are therefore identified as situations
of stress.11

The range of the impact of jobs on the individual nay vary greatly, but

literature on the subject in general establishes th6 fact that few jobs,
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If any can be considtred free ftom stress carry.ing conditi•L s,.

This paper is based upon prelistiury research that attaeto to re-

late two areas of inquify into otw subject for analysis: stress on

the job and unsate work aces in the ordnewo factory. Unsafe work

acts are viewed from thi vantage point of job stress. Such an ap-

proach is substantiated by the findings of Morris D. SohukaesInger

who analyzed 27,000 industrial accidencs and concluded that:

"Clinical experience suggests that in the course of a
life span almost any individual under emotional strain
or conflict may become teupcrarily "accident-prone" aud
suffer from a series of accidents in fairly rapid suc-
cession. Host persons, however, find solutions to their
problems, develop defenses against their armotionl con-
flicts, and drop out of the highly accident-prone group
after a few hours, days, weeks, or months.''1

58aI
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The group process within its internal and external paramsterd is a

key source of stress amal emqployees of an or•gsiatiou. Depar-ntal

attucture, rules and regulations haoe their impact. Roesarch carried

out by Robert R. Blake subetantiates this. Blake conaludad from his

research that:

Hierarchical system of organisatiou predispose against
long term continuity of good teanrork.. T.e basic reaii-
ties of organizational life cannot help but stimulate com-
petitive feelings, Invidious comparisons, jealoucies and
antagonisms....personal safety considerations predominate
because of peer competition, mutual undgjstanding and team-
work are at stake and often sacrificed.

At the heart of these antagonisms is trust. Trust, actording to

Robert T. Goleorbieski, "Implies reliance on, or confidence in, some

event, proteas or person.'1 4 Chris Argyris obsmrves that:

Effectiveness, consistency, congruence and competence are
central to life .... associated with behaving effectivelyoia such factors as the need for behaving competently, the
compellingness of real take, the involving quality of prob-
Urn-solving, and the exhileratiag, exhausting quality of
meouership in hard w?king groups that accomplish difficult
but reachable goals.

Trust remains the basis for these activities. Just as "....there is

no single variable which sao influences interpersonat behavior ae does

trust, on this point ancient and modern observors typically agree.",1 6

There is within the group a connection between corpetence, trust and

the capacity of the group to achieve ite goals free of stress. Trust,

competence esd stress have their interplay. it is generally accepted

that "...increased eronaml competence may increase the probability of

successful group experience." 1 7  so trust increased competence.

j (~..1589
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According to Goleublewski:

Trust seem to act 40 one of the fundamental buLldiaS
blocks upon which mtst huIn Interaction it built.
For example; all of theme criticel factors seem re-
lated to it: ability to learn, to cuicate, to
cooperate, to got along well with others, to eeteb-
lieh friendships end to inspire the sonfidence of am's
peers. 1 8

Role playing is the basis for analysis of individual activity within

a group. In developing their model of organizational stress, itton,

Wolfe, Quinn, Snoek and Rosenthal caw the Individual as linked to

the orgasnization through his activities, which they designate as

the individual's role. A r,le is esteblished when an individual

carries out his work assignments, which they see as "A unique point

in organizational space; here space is defined in terms of a struc-

ture of interrelated offices and the pattern of activities associ-

ated with them." 1 9 These offices "...locate the individual in the

total set of ongoing relationships and behaviors comprised by the

organLzation." 2 0 This view is supported by Tamotsu Shibutani who

sees roles as the product of the division of labor which rept esents

a "o..prescribed pattern of behavior expected of a person in a given

situation by virtue of his position in the transaction--such as a

father in a family, a left-fielder in a baseball game or A passenger

in a bus." 2 1 Hence, the focal point for analysis in the group

process is the role and through the role the performance of the in-

dividual actor. The job activity then, for the purposes of this

analysis, will be viewed as a role, "the way in which an Individual

is canonically supposed to be seen and behave as part of the organ-

izational structure." 2 2
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ft Wittfred Bion has contributed now Intereiotnu inaiShtSe into roup

behavior which vwil be appealed to durtin tuge analyis, Soan felt

that groups, like huma, go through a series of emotiosal states.

C A healthy group is a work group, that is, a group that is meting

to do something and when mnt to actively seekiag mans to accompieh

something. Groups that are not productive assume emotional states

that are non-productive and are designated by Bion as being in de-

pendency, pairing, or fight-flLght emotional states. These group

characteristics are:

*.... dependency (when group members seem to be dependent
on the leader or some external standard for direction),
pairing (when group members turn to each other in pairs
for more intimate emotional response), and fight-flight
(when group members act as if their purpose is to ivoid
some threat by fighting or running away from it). 2

According to Bion, "...the group is met in urder to be sustained by

a leads,: on whom it depends for nourishment, material and spiritual,

and protectiou." 24 Pairing group atsumption occurs when members of

the group cannot depend on ý; leader and cannot agree to work produc-

tively together. Ind4 tidual members in the group will pair off to-

gether for solace, companionship, amusement, and to pass time through

small talk, etc. A fight-flight emotional group state occurs when

the group is ready to fight or fly away from something. These emo-

tional etates are rarely, if ever, permanent, "The ongoing process

of a group can be described in terms of successive shifts from one

of these work-emotionality states or cultures to another." 2 5 Accord-

ing to Bion:
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... aate assunptioa activity mke* no dewuda as the
endividual for caaclity to cooperate but depends an the

IW vtdoet'. po.ss..a e of whet I .l a we1.ley-ias
tevm I brro ftr the phyeicists to ewrees a capacity
for tastantai•ws tIvoluntary combination of oe indtvi-
dual with another for abartin and actina on a basic assmp-
ttm. .... howu* the wtrk argo function my raman un-
altered the temporary basic asumption thait pervades its
activities can be changing frequently: t•er my be two
or three changes In an hour or the ama bastc assumption
my be domlamat for mouths on OW,26
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Research carried ot by Dmn, etc., all, in tbetr oiulysia of organ-

isatiomul stress, led them to conclude that ftho besmdarte of en

organisatio im dategiM d by the boundaries ofe havio r!oation-

ship., and roles of the ormaqU ational gmeubrshin. They concluded

that:

conflict and ambiguity seem rather to be emergency prob-
lem, arising from the demand for successful conformity
under conditions of ceaseless and accelerating change.
To the costly ideology of bureaucratic conformity is added
the irony of conflicting and ambiguous directLons....con-
ditions of conflict and ambiguity, therefore, are not mere-
ly irritations: in jrsistent and extreme forms they are
identity destroying."

For the purpose of this analysis, considerable effort has been made

in examining observations .of group behavior which indicate role con-

S ( .flict and ambiguity. Price and Levinson concluded that:

"people's perception of the organization and their rela-
tionship to it are of far greater significance for men-
tal health than prior research Indicated. 2 8

Certainly the group experience demonstrates that how members perceive

the orgaization they work for, and how chey respond to that percep-

tion, has considerable potential for developing stress among ndi-

viduals. Price and Levinson see stress arising from three basic

coucerns with the work situartion: 1) concern with their dependence

upon the organization and the fear of potential layoff; 2) psycho-

logical distance--needing to remain individuals despite their do-

pendence on the organization; and 3) coping with change within the

organization, whether favorable or unfavorable, which requires ad-

S"justment from the employee. Price and Lefquist saw similar relation-

1593
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ships hu thay developed their theory of work adjistusat. lbs

theory of woft adJua~mmt asmus:

"that &• UWMLviml *egm to &aiome and mftaft
comeporkmd with his ouet...., em e
am be desoribed IS tenm of the. individual ftlftUtil
the requeinemme of the work enyrommt, and the work
e~irom•t tt4filling the mequiremvat of the Wlvt-

Yet, unfortunately, such corredpoodevce does not occur. With few

notable exceptions, organliatioms have defined goals which the hmns

who belong to the organisation moee nt, and orgmniautional needs

always take precedence over hrna needs fulfillmsnt.
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IMM5~ I aM CWEMUM no1~ wR~

'5 People tend to avoid fear - the fear of physical Wau. from working

in a hazardous Althoh a few "Imacho", danger seek-

Lug types, my thrill at being exposed to hazards, the great major-

ity of people do not enjoy working in hazardous environumt,. By

any definition, working In an ordnance factory ts considered a

hazardouis occupation.

A close examination of employment applications over a three year

period at a ordnance manufacturer in Southern California indicates

that less than 15.% of the applicants realized the nature of the

products being manufactured, 40% were aware that the company menu-

factured "some type of explosive" but had almost no comprehension

of what was involved in the manufacturing process, and the remain-

6 uing 45% of the applicants were simply looking for work and, as

applicants, had no idea of the type of work that they would be per-

forming. These percentages are interesting because they indicate,

at least in this select instance, that large numbers of employees

were applying for jobs with no idea of the potential hazard within

the work place. Of All che evtployees hired during this period 75%

were ignorant of what goes on inside of a ordnance factory. Their

first real exposure to the ordnance manufacturing environment was

during the safety indoctrination where the plant safety staff made

a calculated effort to increase their hazard awareness.

Employees tended to divide almost equally into three groups during

safety indoctrinat.ons:

1595
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1. ThO Vho asked WthWX8 and displaYed no tntowestin acquierSg any product kmledl or Infor"ation
cm he ardsa;

2. Those who seemUngly displayed an Interest but ask-
ed no qdostimos, and;

3. Those who actively list4mned and did ask qurntiona.

Trainees in the group three category were a distinct minority. It

is interesting that it was only rarely thdt a neow eO1oyee would

quit following a safety indoctrination, whereas jany now employees
would quft in only a few days following their assignsant to one of

the operating lines.

We found that the key ingredient in employee company service was

proper supervinion. Adequate indoctrination by the supervisor.

During interviews with new employees we found that on-the-job-train-.

ing for new employees in which a stroug safety indoctrination was

undertaken increased the employees sense of security. The more

complete the on-the-job-training and safety indoctrination the less

stress the employee was exposed to. However, where employees were

not properly indoctrinated they frequently gave strong evidence of

stress and the formation of poychological defense mechanism to al-

leviate that stress.

New employees in any organization want and need to feel secure.

Such security only comes when the manufacturing environment appears

to be well ordered and there is a sense that everyone knows what

they are doing and why they are doing it. The key facýir, however,

is that the employees have, as a group, a supervisor who tItey can

1596
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depend upon for leadership. Adequate leadership assures that the

members of the group work productively. The ab*ense of leader-

ship I•p•cts productivity negatively and leads to stress arsting

from insecurity. In an ordnance manufacturing environmnt this

becomes a critical factor. Bmployees working on a manufacturing

line with extremely poor supervision all indicated a sense of

stress which led them to seek out individual employees to provide

them with moral support. A close scrutiny of their behavior in-

dicates that in an attempt to escape the stress of "uncertain"

leadership, they tended to pair off in the manner described by

Wilfred Bion earlier in this paper. In this instance, when'ade-

quate supervision was not extended to the line, where these sam•

thirty employees were working, they progressed to the figbt-flight

emotional stress described by Bion. Employees began to have a

high number of disputes, displayed hostility to the company,

especially management, and large numbers quite rather than to con-

tinue to work in that environment. During the same time the re-

cords indicate a steady increase in first aid cases and non-injury

accidents in which company property was damaged.

Three lines where flares, rocket motors, and squibs were manufac-

tured and observed for a period of ninety days. In the first line

the supervisor was weak and partial to favoritism and capable of

breaking his comitments to employees at his leisure. This super-

visor went through the motions of carrying out job training for new

employees but normally let older employees "break the new employee

in". The second line was run a by a young, well qualified super-
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visor who showed real concern for eaploye.. and usually kept his

cometmentas to them. When be could not keep his omimtment he 4.)
always explained as beet he could why he couldn't. He was quite

specific in assuring that he oriented new employees to their

job and followed up to assure that his foreman were not just run-

ning employoes through their paces. On the squib line there was

an older supervisor who had worked her way up through the ranks,

She was very knowledgeable in the how to of the operations under

her control but adopted the "I'll show them how to do it once"

stance on training. Although she was quote "grumpy" she was always

consistent in treating all of her employees alike.

The ninety day atudy of these lines produced data from which some

very interesting obaervations could be made. Employees in both

the squib and rocket motor lines trusted their supervisor. The

degree of trust varied. On the rocket motor line employees fre-

quently brought problems involving inter-employee relationships to

their supervisors attention. The tendency was to expose quality

errors rather then hide them. Some employeea were disciplined for

making "scrap" but most were thanked for bringing the problem to

managemeut attention so that corrective action could be taken. A

strong bond of trust existed between the supervisor and his amploy-

4ses. in this environment of trust employees tended to work well

together. Trust, as we remember from our references to Golembievski

and Argyris earlier, is the foundation of the group. Perhaps the

most apparent observation was the lack of accidents on the rocket

1598
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wtotr line. When accideats did occur they were ususlly Investigated

thoroulhly by the supervstor and, when safety rules were violated,

progressivw disciplinary action, in accordance with the IbLon Con-

tract was takerA, Abeenteeism and turnover which was a major prob-

lem when the supervisor took control initially of the line, pro-

greosed downwerds throughout his stay in his department. All am-

ployees bad a clear concept of what their role was in the organiza-

tion.

The flare line employees almost unanimously expressed disdain for

their supervisor. Inter-employee conflict arising from practical

jokes, absolutely forbidden an explosive lines, In one instance,

a fist fight. Employees expressed a lack of trust in their super-

visor and in each other. Bion's fight-ilight group mode was in

evidence. Turnover and absenteeism were high. Although formal

union grievances were rare, employees frequently complained to the

Safety Department and the Personnel Office about working conditions.

The scrap rate was high and employees frequently ran bad parts1with their full knowledge because they "didn't care". First aid

cases and accidents were freqtent and usually the result of absent

mindedness. The key factor seems to have been almost know sense of

role identity relative to their jobs. They knew the motions of

their work, nothing more. Individual initiative was almost non-

existant. Employees avoided having dealings with their supervisor

whenever possible.
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The squib line ws an iuteresting cross between the two lines

just mentioned. BWployees when asked about their supervisor used (o
ter like "runs a tight ship", "grumy", "0 don't like ber but

she knows what she's doing", etc. The turnover rate was high be-

cause the supervisor often terminated probationary employees who

didn't learn their jobs quickly. But absenteeism was low because

disciplinary action for absenteeism was quick and fair. Accidents

were rare as were first aid cases. Employees often grumbled about

the harshness of supervision but rarely complained about management

as a whole. Quality Control was "average" within the plant guide-

lines. Employees while not always totally indoctrinated into their

job roles were supported by older employees who, because they under-

stood and respected, if not liked their supervisors, helped out new

employees when they needed help in learning their jobs.

(
The conclusions from the analysis of these three lines was clear:

1. Strong supervisors who indoctrinated their employ-
ees and provide an environment of trust have safer
lines with a high degree of quality of work per-
formed.

2. Poor job training leads axiomatically to role con-
fusion, causing employee stress, which leads to
turnover, absenteeism, frequent accidents involving
property damage, and frequent first aid cases.

3. Strong but fair supervision is superior to weak
supervision.

4. Lack of trust leads to stressful working conditions.

I believe based upon Investigating seventy accidents involving employ-

ees working with explosive material, that a pattern of contempt devel-

ops towards explosivej among employees. Avoid the GAS from wearing

1600 L
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thoiu bedioges physiologif, ally when they are exposed to explosives

Q FI their waft tb:y devetop 4 psychological defense usebavism

called the process of dental. The m.ployee exoeed to the haazrd

at first goes through the process of fear leading to the ftght-

flight syndrome and thm stages of strese described by Seaye. If

the employee has been trained and indoct~tnated in the proper

handling of explosives he/she takes refuse in the proper proce-

dures as a means to sustain his security needs. The longer he/she

works with material the greater the sense of security. Psycholog-

ically the employee follows the process of denial, denying that

an accident can happen. The process of denial leads to a growing

contempt for the product. I deny that the explosive can hurt me

because it hasn't in the past. Progressive denial leads to a

less and less stress until the employee, at least consciously, free

of stress develops an attitude of total security. Knowing safe pro-

cedures he/she then begins to bypass safety procedures because of

a false sense of security that nothing can happen. It is the old

cliche, familiarity breeds contempt.

The process of denial, the progress growth of a false sense of sec-

urity, is a key cause of major accidents among employees working

with explosives. A secondary, contributing cause, is poor super-

vision which it the key to poor job training and new employee indoc-

trination which lead to frequently serious accidents.

Based upon this preliminary study the following recoumendations are

made as a means of reducing stress among ordnance factory employees:
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1. Now employee Lidoctrinstiona should consist of

two parts. The employee should be ttcined by the

safety staff and imsediately following his/her
asseignmnt to the line the. ewployee should receive
his/her training directly from his/her supervisor
to begin a process of trust building.

2. Any training conducted for employees thould always
be signed for by the employee on a formal written
form. It seems to be a sign of nur times that
Ligning a document formalires for the employee and
makes him/her accountable for the contents of the
training program.

3. Supervisors who do not participate in training
their employees and vho cannot understand or cope
with their employees human needs must be either
retrained or ruthlessly removed from their posi-
tion in supervision. In essence a supervisor who

cannot be trained, cannot train.

4. Programs and procedures on any explosive line should
be gone over thoroughly with new employees and tii..-
particular work procedures and safety procedivres
posted when possible at their work station.

5. When eccidents occur and upon the completion of the
accident investigation, the results of the invest-
igation and the actions taken should be transmitted
to employees throughout the plant. Truet is pro-
moted, and security grt-ws when employees knor the
whi, what, which, where, when and how of accidents.

6. New hire safety L.ndoctrinations should be given to
all new employees at whatever level in the coomany
and repeated every six months.
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REPORT OF THE TASK GROUP ON FEDERAL AGENCY EVALUATION

1. BACKGROUND__

Exocutive Order 12196 directs the Sesetary of Labor to issue a set of
basic program elements to assist Federal agencies in carrying out
their responsibilities under Section 19 of the Occupational Safety and
Health Act. Section 19 imposes on the head of each agency the
responsibility to "establish and maintain an effective and com-
prehensive occupational safety and health program wiich is consistant
with the standards Promulgated under Section 60. Some elements of
such programs are given in 29 CFR 1960. Mong these elements are the
requiraments for both qgency self-evaluation (29 CFR 1960.79) and
evaluation of agency programs by the Secretary of Labor (29 CFR
1960.80). In 29 CFA 1960.80b, it Is required that the Secretary
develop detailed information an how the Department of Labor will
conduct its evaluations. This Information should include but is not
limited to:

(1) The program elements to be included
in a complete and extensive evaluation

r •of an agency's occupational safety and
health program;

(2) The methods and factors used to determine
the effectiveness of each elemnt of an (1
agency's program;

(3) The factors used to define *large" or *more
hazardous" Federal agencies, establishments
or operations;

(4) The procedures for conducting evaluations including
field visits and sciteduled Inspectios;

(5) The reporting format for agency heads to use
in suintting annual samaries of their
"self-evaluation program.

* .It was the charge of this task group to develop the detailed
information required by 29 CFR 1960.80b. As a starting point, the
task group membrs met with staff members from the Office of Federal
Agency Programs to learn hoý. evaluations had been done in the past.
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In the past, evaluations were based upon ten program eloemets defined

1. employe* ihvolv Mefit
2. executive support and duties
3. occupational safety and health staff and functions
4. operating management and supervisory duties
S. occupational safety and health standards adqption
6. occupational safety and health training activities
7. inspection and hazard training activitiles
B. recordkeoping and reporting procedures
9. promotional and interagecy activities
10. intra-agency, evaluation procedures.

In reviewing these elements, and the reports o' evaluations done
using those elemients as guidelines, it became appa nt that an agency
might do well in many or most of these areas and till not have an
effective progra. Some of these elements are ecritical than
others; some do not necessarily contribute to progr effectiveness.
On the other hand, there are aspects of an effective gram that have
not been explfcitly addressed by past evaluations. e regulations
published at 29 CFR 1960 include the basic elements of aneffective 0511
program, although some aspects are -addressed in more detail than$ ~2 others. Therefore, this report describes an evaluation approach which
is consistent with the mandatory program elements in 29 CFR 1960. It
is based on the examination and analysis of the agency's 4al3 occupa-
tional safety and health prograim

zSection II of this report is entitled, 'The Effective Occupational
Safety and Health Programt . It describes how the task group thinks an
effective occupational safety and health program should function
and what its essential components should be With some modification,
this section could be issued to agencies~to describe the context
in which OSHIA will be conducting evaluations

Section III of the report describes in greater detail how evaluations
would be carried out; it includes national and regional office
responsibilities and onsita procedures at agency headquarters and field
establiShments Th1is section could be adapted to provide agencies with
additional inf tion on the OSHIA evaluation program, to prepa~re
internal operatin procedures, and to develop a traini ng session for
OSHIA personnel inv lved in the evaluation process. A description of
the role of the annu I report in the evaluation is included in Section
III also. The propos format for the annual report could be expanded
and issued as guideline for preparing the 1981 annual report from the
agencies to OSHA.
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11. THE EFFECTIVE OCCUPATIONAL SAFETY AND MHEA~ PRO9RM~

A. Approach

Every agency needs an affectiva occupational safety and health programbmcauso there is virt~ually no workplace that is complete1ly hazard

free. Clearly, the potential workplace hazards faced by clerical
workers are different from those faced by shipyard workers. This
difference does not relieve the management from the obligation of
minimizing the potential for illness or injury for either group. The
difference may be reflected, however, in the OSH program an agency
develops. The size and scope of an OSH program may depend tosome
extent upon the size of the agency and Its the geographical dist•i-
bution, as well as the number and type of potential hazards inherent
in its operation.

Whatever its scope, there are components which are essential to every
effective OSH program. To be a viable program, the occupational safety
and health (OSH) actgvetnis of an agency must be considered a program
like others within an agency. As such, at must hay* executive support,
a firm commitment from the admnistration. Without this commitment t
is doubtful that a program, no matter how well conceived, can function.

Given that there is an agency commitment, then it would seea that the
OSH program would follow the usual program management process and
evaluation approaches which can be conceptualized as a circular
process consisting of:

- program planning which encompasses problem
Identification, and goal setting and designing
program strategies,

- program 'plementation,
- program evaluation.

This model of the program managment process suggests that program
evaluation may produce measures of program input, output, and outcome;
and may indicate significant aspects of process and environ-
ment. It may also provide data relevant to such questions as:

What is the program envirotent?

What is the program attempting to do?

What effect is the program having?

What changes should be made in the program?
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Therefore, it is suggested that the four basic program components to
be evaluated fall in the areas of Admi'nistrative Support, Progran
Planning, Program Implementa~ion, and Program Evaluation. The
regulations publ1shed at 29 CFR 1960 include the basic alaments of an
effective OSH program, although sew pr grn components are addressed
In more detail than others• Al are implicit in on effective OSH
program, thich is the goal of 29 CR 1960. ( Table 1 illustrates how
the program •l•nts specifi•d in 29 CFR 1960 raiate te the basic
program coaponents and the various program acttvities).

It is envision•d that the framvework obatlitd in this report will
permit the flexibility necessary for each agency to tailor its program
to its specific OSH probl.m. Tho task group recoawunds that OSHA's
evaluati.o process be comprhetwsive,• but allow for appropriate agency
differences in progrw development and operadton.

S8~~. Administr-ative. , Supart

Th- O$H programsmust have the support of the top agency administrator.Wio t I, h program w1lb ual o compete wihother programs

....for rsurcs 4d unable to obtain the cooperation of all leiels of• ~personnel needed to succeed.

This support is usually evidenced by a brief policy statement
indicating the administration's endorsement and expectat•ots 'or
the progra. The policy statement should:

- be issued by the head of the agency;

- formally initiate the program and
indicate its purpose;

- list the major program elamts to be
undertaken as they are envisioned at t he
time of the Issuance;

- emphasize the agency•s commitment to a safe and
healthful working environment;

(n* n keeping with the te-minology used ir 2L CFR 1960, the top agency-
.dministrator will be referred to hencefo:;rth _s the Designated Agency
$•fety aid Health Offi(c.lor DASHO).

i'4'
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- charge all levels of management to be responsible
and accountable for the program;

- require the cooperation of al l personnel;

- be made known to all personnel;

- declare the intent of the head of the agency
to implement the program.

The form of the written policy is less important than its clarity and
sincerity. The existence of such a policy statemnt, however, is not
sufficient evidence of administrative support. There should be
collateral evidence of the sincerity of the intent such as:

* the placement of the OSH program within the
agency's administrative structure;

- the place of the Designated Agency Safety and
Health OfficLaa(DASHO) in the administration.

An OSH program crosses all organizational areas; hence, it could
conflict with other program priorities. The potential for conflict
can be. lessened by setting up an independent office reportidig directly
to a top level official. The program should also be clearly
identified in the organizational chart.

The DASHO should be one of the top administrators of the agency,
preferably an assistant secretary. His responsibilities should
include:

- adv'sing the agency head on OSH matters;

- being the program advocate in budget formulation;

- overseeing the person 4irLctly responsible
for the conduct of the agency's program.

To carry out these responsibilities, the [ASHO must have a sincere
commitment to OSH. This is evidenced by participation in OSH training.
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Further evidence of the sincerity and level of commitment of the
agency can be manifested by:

- The OSH program director reporting or having
access to the DASHO;

- The program director being experienced in the
field of occupational safety and health; (The
level of education and amount of experience needed
will vary with the size of the organization and
hazardousness of the workplace monitored.)

f- Having budgets and position allocations.for the
1OSH functions;

- A budget allocation to finance corrective actions;

- The BASHO having authority over OSH activities
throughout the agency;

- The manager's or supervisor's performance standards
including a requirement to promote OSH.

C. Proqram Planning

Once an agency has made a commitment to conducting an OSH program, it
must define exactly what the program expects to achieve. Specific
objectives or goals need to be developed which will provide the
framework for planning, implementing, monitoring, and evaluating
program activities. These objectives also provide the basis for
resource allocation. They should be clear, specific statements of
measurable results that are to be accomplished within a specified time
period.

After objectives are specified, priorities can be established. Since
resources may not permit equal attention for all problems,a reasonable
approach is to address the Oworst" problems first. In order to set
objectives, one needs information. This information may come from
many sources such as:

- on-site inspections to uncover hazards

- Illness and injury records

i1
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-accident investigations

Smployee complaints

- job hazard analysis.

Probably more than one source of information needs to be used.

Prior to planning aprogram, the program director should be able to
answer such questions as:

- Which subunits or which jobs have the greatest
potential for injury/illness?

- Which employees need personal protective
equipment? What types of personal protective
equipment are needed?

- What was the injury/Illness rate in
each major subunit of the organization?

- What is the most frequent type of injury/
illness in the organization? In each subunit?

- What is the most costly type of injury/illness?
in dollars?, In lost time?

- What is the most frequent employee complaint?
Or most frequent hazard condition reported?

- How many accidents were investigated? Of these,
how many involved fatalities or hospitalizations
of five or more employees?

" What types of program activities were suggested
by the results of these investigations?

Only after all information is analyzed and synthesized can the
question "which events can be prevented by which type of program
activity?" be addressed.

General safety training and promoting safety awareness may reduce some
types of seemingly random occurrences and should be part of every
program. However, if any agency adopts is a program objective the
reduction of injury/illness rates by 10%, it should be able to
delineate which incidents it expects to be able to prevent and by what
means.
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0. PROGRAM IMPLEMENTATION

Whatever the level of complexity of the program, the basic functions
of a traditional OSH program are:

-eployee involvement;

- developing written rules and regulations;

providing safety and health training;

- maintaining records of illnesses and injuries,
accident investigations, medical surveillance, and
environmental monitoring;

conducting inspections to identify hazards;

- correcting or controlling hazards.

The administrative responsibility for some of these functions may be
outside of the OSH program. It is, however, the responsibility
of the program director to coordinate these activities.

1. Employee Involvement

To be successful, an OS program must have not only administrative
and supervisory involvement, It must have employee involvement.

Employee involvement can take many forms including participation
in field council activities, participation in safety and health
committees or notifying management of hazards observed in the work
place.

One way to encourage employee involvement would be to establikh an
OSH committee. Such committees ara encouraged by 29 CFR 1960.36.
The basic function of an 0$H committee is to encourage communica-
tion between employees and management concerning safety and hR'alth
matters. A committee provides a way for employees to use their

* knowledge of workplace operations to assist management to improve
policies, conditions and practices.
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PROGRAM IMPLEMENTATION (Con't)

The role of an OSH committee is basically advisory and supportive.
Committees do not dictate policy or relieve those in authority of
their responsibilities. Committees, by their nature, seek
consensus; therefore, they may be t~me consuming. On the other hand
they:

- provide representation for a diversity of functions
and occupations;

- provide visibility and top level endorsement;

- provide authority and general leadership;

. monitor and evaluate program effectiveness and
reccomnd program and resource changes to top management.

Another method of gaining employees' support and involvement
is by encouraging them to identify and to seek correction for
hazards in their work areas.

Training is a key element in promoting employee cooperation
and involvement. This starts with employee orientation where the
employee is informed of his/her rights to and obligations for
occupational safety and health.

Occupational safety and health may also be promoted through the
use of posters, slogans and awards.

2. Developing Written Rules and Regulations

There are two types of OSH rules dnd regulations:

- general OSH rulet applying to all personnel;

" specific rules ir procedures relating
to particular tasks.

OSH rules and regulations must be written, published and
€ommunicated to supervisor% and employees. Involvement of
employees in the formulation of rules and procedures Is one way
to motivate them to follow procedures.

iI
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PROGRAM IMPLEMENTATION (Con't)

For OSH rules to be effective and enforceable, they should
be well conceived, realistic, fair, and presented in a form
that all can understand.

General rules and regulations should include the following
information:

San overview of the OSH program and statement of
agency policy;

a description of the various administrative
functions responsible for the program;

- a list of the rules and procedures, including any
disciplinary actions that might be taken, applicable
to all personnel;

- an explanation of the supervisor's and employee's
responsibility toward the program;

-a list of emergency telephone numbers for reporting
hazards or emergencies.

Specific procedures or rules may be required for particularS~operations or jobs. This information may be obtained by job

safety analyses.

3. Providing Safety and Health Training

The supervisor of employees in high risk environments is the key
element in preventing accidents. Therefore, supervisory personnel
must be formally trained in such topics as:

- the basic elements of the agency's OSH program;

- the supervisor's OSH responsibilities;

f i- hazard recognition and control techniques;

- agency procedures for reporting and eliminating hazards.

1.6
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MM IMEMNTTIN f~t)

The supervisor should also he conversant with the techniques for
Job safety study, accident investigation, and analysis of statis-
tics to detect workplace problems.

May iftcidents occur from employees' lack of training; employees
are not awtre of the hazards to which they are exposed.

Care must be taken to ensure that aployees receive and assimilate
OSr information ind that they ae motivated to act on this in-
foomation. This means there must be a formal, documented program
to develop an awareness of safe and healthful practices as they
apply to each mployee.

Federal employees work in a variety of enviroments. Therefore,
it is not possible here to specify completely the type of training
and education needed for each environment.

In general, the need for-training arises when:

- a now employee is hired;

- new equipment is Installed;

- new tasks are assigned,

- the lack of employee knowledge or
skill is creating or can create
accidents or hazards.

In considering who needs to be trained and what training is required,
three groups weerge:

- personnel who have OSH as a primary
responsibility, or as a collateral
duty assignment,

Personnel in high risk envirotusints,

- personnel in low risk enviroments.

i1
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PROGRAM IMPLFMKNTATION (qgntj)

Personnel With QOSH outie

Training programs for personnel with OSH as a primary or
collateral duty will depend upon the duties they aro expected
to perform and the experience that they bring to the Job. In
general, the OSH training should include elements of:

- Job safety analysis,

- inspection procedure,

- accident investigation,

- record keeping systems,

- work motivation,

- management theory.

Personnel, In Low Risk Environments

All employees should be informed of the basic OSH program
within the agency as well as:

- general agency health and safety rules and
regulations,

employee rights,

- employee obligations to comply with all
relevant rules and regulations and to use
personal protective equipment where required,

the supervisor's role In 031,

general emergency and hazard notification procedures,

- the organization and function of the agency OSH

1( 1617



PROGRAM IMPLMNTATION (Cont),

Personnel In HiLh Risk [nwirom ts

bJployues in . high risk •l•ratic should be instructed
in the general USH rules and regulations as well as
specific rules and procedures for their jobs.

4. Recordkeeoiag. R•rting Requirements. Accident Investigations

When resources are expended on any effort, it is worth
the time required to documet the effort. These docu-
meets are a starting point in thm program planning
effort. Illness and injury records and attendant
accident investigation records can be useful for
Identifying high risk areas. They can also be an
ending point in that they can be used to evaluate the
effectiveness of selected OSH activities.

All Federal agencies need a system for recording OSH
injuries and illnesses not only for the requirements of
the Federal Worker Compensation system and 29 fFR 1960
but also for program planning. Unfortunately, there
may be little agreement between the counts of cases In
these systems.

The primary purpose of a recordkeeping requirement
should not be seen as the need to collect numbers for an
office somewhere else in government. These records and
analysis of their contents should be a major component
of an effective OSH progrA. The Information gathered
can be used for:

i identifying and controlling specific high risk
accident situations;

- ,idlcating where a change, substitution, or
elimination of materials, methods, processes
or operations should be made;

identifying trends in the severity of accidents,
"types of injuries, volume of property dmage,
"location of accidents, etc.;
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- providing safety performance information towork groups to enable them to compare their
present performance to their past performance
and that of other work groups;

- justfylng program expenditures to the admlnistration
by documenting program needs and Accomplishmnts;

f identifying group and individual training noeds;

- serving as a basis for award and incentive programs
to motivate and stimulate employee cooperation with
the W;H pWogrm.

In order to be useful, the report and recordkeepirg system must go
beyond event counting. An effective record system can be useful
only if enough information is collected for informed decisions to
be made.

5. Insoections

On-site inspections are an important part of an OSH program.
Inspections are conducted to uncover hazards and to assure
compliance with rules and regulations.I •-The frequency and type of inspections conducted will depend upon
the organizational structure and staffing of the 05) progra asS.well as the hazardousness of the working environment. Formal
inspections of all agency facilities must be made at least once a
year to assure adequate monitoring of workplace conditions.
More frequent inspections should be made of high risk environ-ments. Inspections should be conducted by persons with
appropriate qualifications. In an agency without a full time
program director, it may be necessary that the part time director
concentrate on policy, procedure development and evaluation,relying on supervisors or outside experts to conduct formalinspections and submit reports of their findings.

The first-line supervisor is responsible for environmental condi-
tions and for employee safety and should be mde responsible for
identifying and correcting hazards. Inspections made by the
OSH staff can be used to audit the supervisor's performance.
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PROGRAM INPLDIRNTATICN (Cou' t

it may be necessary for a program to rely upon supervisors for
most or all of its inspection activity. If so, it is desirable
that york areas be inspected by qualified sipervisors from other
areas to compensate for the loss of objectivity inherent in asking
a supervisor to check his or her own OSH performance.

Regardless of the formal inspection procedures, all supervisors

should conduct frequent informal Inspections.

During all inspections, formal or informal, notes should be taken
on unsafe conditions and activities. The date of the inspection
should be noted, the problems identified and the corrective
actions taken or abatement dates set.

All persons conducting inspections should have adequate training

to support the role they have been assigned. Where inspection
activities must be conducted by supervisors with relatively
little formal OSH training, self evaluation instruments (SEI)

might be used. A SEI identifies areas which should be checked
throughly and provides guidance to those not as familiar with OSH
procedures as fully trained OSH personnel would be. However, SEI's
do have shortcomings. They cannot cover all rules, regulations
and procedures without becoming unduly cumbersome. Rules and
regulations that are easily included in a SEI tend to be concerned
with equipment and facilities. A thorough inspection of any area
should consider a variety of factors: people, processes, equip-
ment, materials, and environmental conditions. This requires one
to be able to look beyond tke violations to the potential reasons
in order to correct them.

Accident investigations are conducted specifically to determine
causal factors in order to prevent similar incidents from occur-
ring. A thorough investigation should attempt to provide a
yell-documented account of the incident. Hany factors may
contribute to incidents and multiple points of attack may be
reqtired.

6. Abatement

After an inspection is made, a report should be written listing the
problems identified, an estimate of the severity of the hazard(s) and
the recommended corrective action(s). The program director may have
to negotiate with others to get corrective action carried out. The
program director should summarize the results of all inspections and
develop a plan for abatement. The plan should place priorities,
list the corrective action that will be undertaken, indicate who is
responsible for the abatement, the date by which it should be
completed and the estimated cost of the project. This plan can then
be submitted to the DAHSO and to the work units involved. Copies of
reports and plans for corrective action should be forwarded to higher
management officials for their use in monitoring program effectiveness.
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Indication thMt various progrm activites e•ist is not Sufficient
evidence of a satisfactory prrm. How well "Ch functiOs Maust be
determined so that the progrio s quality can be judged end areas in
need of impovement can be Identified.

Fundammtal to any c Iprehensive conception of progrm evaluation is
the concept that the findings merging f"r the endeavor should be
employed subseqMetly in the mdification of existing progrms or
planning new ones.

To do this most effectively, evaluation should be built into the
program so that data collection can proceed at the time the event
occurs. This is a far better method than a later retrospective search
for data of possible significance. In order to do this, the following
rules of evaluation should be observed:

r The practical objectives of the program to be evaluated should
be clearly stated. Clarity of objectives is an essential firstStep in establishing appropriate ON&suOs of program success.

The underlying assumptions associated with each objective
should be carefully identified. The ultimate goal of the
occupational safety and health program is the reduction or
elimination of occupational injuries and illnesses. Specific
program activities are undertaken based an assumptions about
how intermdiate objectives relate to the ultimate goal.
Consequetly, the significance and validity of these assUp-
tins are important considerations.

Evaluations of effort, performance, adequacy of performance
and efficiency should be done. The categories are inter.
related but answer different questions. Considerable effort
does not determine whether the program does may good
(effect). Successful peform ce "Y be inadequate in terms
of the total problem. The program may operate efficiently
s OppOSed to some alternative method. All categories are

relevant to a comprehensive evaluation.

The entire program should be rexmined in light of the
findings of the evaluation process, and intermediate
objectives should be revised, as appropriate.
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in. THlE OSM EVALLMaICU PIOCS

1. sadk~rowzd

7he preoioux section of ttis rep=r dasrIbed bow the taic
gmqup thinks an effective 00 pexora 0=~4d ftuation, wd
uDiat act~ivities it sioWd indlwft. 2ae activities uwe
CWgwized into Zit AVWNR canwanets, %ftdh we daftned as
A&Lvnistrative Support, Program Planning Progra Dm nai
and Program Dvalustion. Table I illustrates bow aiwray~m
cotpldmce %ith the 29 CPR 1.960 program elementsa can
contri1,u, to an effec-tive VroWm. With ame i.-fication,
Section II ad Table I could be ~ovided to agmdrne to

lot tan km t.ho ontsmt in vft~dh CSM will be eudnrng

Execmxtive order 12196 assigns OM~ the responsibility to
evaltate amumzlly the icuttional safety and health progra
of "large r ccme baazwrdus agencies or opwations .. . .

Tew resUlts of such evaluations we to be sutzuitted to the
aqer~y head to use in iuroving the aquncy's a rogrm. The
otbar use of the (CZM *valuations is to provide the &mibtwaoe
of a reui~red annual resorct to CMD and the President, on the
status Of oo~ainlsafety and health in all Fedeal
agencies. lTh fulfill tese functions OSIM eva).ustioras need

to povie bth a ~wpdhasiv. end objective view of agency
*etinalsafety and health progrmas.

oSEYL evaluation responsibi~li ties under the Executive order
we substantial. There are acre than 90 agencies, sainny
with several th~usuads of sqrpoyee. in diverse locations.
Ikiwaevr *largir or vioe hartwdous" is defined, the wLsted
CMi resources fm Pedaal agency evaluation %ill be strotdid
to their liaits to ainet evaluation reuiramnwts. Itie evaluation
proces and procedures described belckl are intended to
utilize OMH resorces; as efficiently as possible. They
are based on toasmxptions: firset, that CS rescioexas can2 ~be used vrost efficiently if the evaluation pmoesus relies
heavily on inAxatn that agencies gmnerate tbroi4h thoir
ow~n progrm operations, and secand, that OSHP can use
infotmation it generates in other prga areas to anhnce
the quality of its evaluation fizaction.

2. Fbt~ý agervcy £ntation
A,* mtioed n section 11, agency progrm evaluation
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duplication of effort by agencies and OSHA. The program
elements in 29 CPR 1960 require that agencies submit
an annual summary of the results of their sel*f evaluations,
in their annual report. Table 1 outlines specific
activitieS agencies will undertake within each program
component and indicates both the factors agencies should
consider during their self evaluation process, and the
factors OSHA will consider during its evaluation of an
agency.I When the eý. aluation system is fully in place, OSHA wll
ev•luate all agencies programs by reviewing their annual
reports; the results of this evaluation will be published
in the Arnual Report to the President. To the degree
that the agency conducts a comprehensive analysis of
safety and health conditions in its subunits, OSHA will
be able to rely on agency resources for evaluative
Information rather than on its own. When agencies are
scheduled for more extensive review through visits to
headquarters and field establishments wherever possible,
OSHA'e role will be to clarify information in the Annual
Report.* Kore detailed information on the proposed content

Ilk of the Annual Report Is given in section B, below.

3. Other information sources available to OSHA

The Agency annual report, Including self evaluation results,
will be a 'ey document in the OSHA evaluation function.
In addition, Executive Order 12196 specifies several OSHA
activitles which can potentially generate data and information
directly in support of its evaluation responsibilities.
Information from unannounced OSHA inspections of worksites,
investigations of employee or committee reports of hazardous
conditions and accident investigations can all provide
OSHA with a candid, though limited scope, indication of
actual conditions in an agency and its level of program
implementatlon.

o Guidelines ror preparing 1981 Annual Reports will be issued later this
year. Until those reports arrive, in April, 1982, evaluators will not
be able to rely heavily on Annual Report information. During this
Interim period, background Information will be obtained during the
headquarters vVi;t.
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duplication of effort by agencies and OSHA. The program
elements in 29 CPR 1960 require that agencies submit
an annual summary of the results of their self evaluations,
in their annual report. Table I outlines specific
activitieS agencies will undertake within each program
component and indicates both the factors agencies should
consider during their self evaluation process, and theractors OSHA will consider during its *valuation or an

agency.

When the e. aluation system is fully in place, OSHA wll
evaluate al.l agencies programs by reviewing their annual
reports; The results of this evaluation will be published
in the Ar~nual Report to the President. To the degree
that the agency conducts a comprehensive analysis of
safety and health conditions in its subunits, OSHA will
be able to rely on agency resources for evaluative
information rather than on its own. When agencies are
scheduled Zor more extensive revtew through visits to
headquarters and field establishmenta wherever possible,
O3{A'e role will be to clarify Information in the Annual
Report.* More detailed information on the proposed content
or the Annual Report is given in section B, below.

3. Other information sources available to OSHA

The Agency annual report, including self evaluation results,
will be a "ey document in the OSHA evaluation function.
In addItion, Executive Order 12196 specifies several OSHA
activities which can potentially generate data and information
directly in support of its evaluation responsibilities.
Information from unannounced OSRA inspections of worksites,
investigations of employee or committee reports of hazardous
conditions and accident Investigations can all provide
OSHA with a candid, though limited scope, indication of
actual conditions in an agency and its level of program
implementa•.ion.

e Guidelines ror preparing 1981 Annual Reports will be issued later this
year. Until those reports arrive, in April, 1982, evaluators will not
be able to rely heavily on Annual Report infornatIon. During this
interim period, background information will be obtained during the
headquarters vi,1it.
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4. Intep'adca ce irAm~tian

Fbr OW to inu-m all relevant in6ormt±ic cc an &agnw,
it wU b asoear tomaintain an uo-to-dato W.e ftr

rqpm+t. acgie at mmKr a sm os - q- &th the agacW, ags
celtmct te re ats afll 914d actdvitie reaft~ng

to the agW *An an agam is siiwiid fc -eto
avamdon. an evahudon p3*n vU be preMv byC
beam! cc a&l inftmtu in its f~le.

Mt PPS tsq adi U O on&v to take IUJ. aMimntog at

cmm&3f am! reyt = *Ad sa~f-evaluatima~ cdLiftu
as wel as inftmticn guwated tV otbw OM~ pt~n
epazatdAw. Kwo OM's r~a~c ame so IU~ted and
the wd nize of F65md al xiq so lazy. tmm

numbe ae--t .mpau saible
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8. The AnnualReort

V. Purpose
Annual reports should provide OSHA with the Information

necessary to understand the context, the design, the opera-
tion, the accomplishments, and the direction of an agency's
OS program. All moaor program components need to be addressed.

In general, the information to be included in the Annual
Report will be of two major types (1) characterization the
program and (2) self-evaluation of the program's implement-
ation Wnd operation.

Characterization of the program includes the following:

- A description of the larger organization of which
the occupational safety and health program is a part;

- evidence of the administrative support for the 05 program;

- the rationale for the program design in terms of
the problem areas to be addressed and the
objectives established.

The self evaluation report will describe the evaluation
process as well as present the results. Each of the program
activities will be addressed as well as progress toward
meeting the overall goal of injury/illness reduction.

2. Report Fomat

The report should be explicit and comprehensive, but to the
point on each Issue. The typical content of a report may be

1 1 as follows:

Section 1. SumiarY

The purpose of this section is to provide a brief overview of
Sthe entire report. Findings and recommendations are listed.

The most critial aspects of the program as perceived by the
agency should be highlighted. Conclusions should reflect the
agency's evaluation of how well it met its own goals and how
well it meets the needs of the agency.
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Section II. Background

This section describes the context it which the program has.• boon implemented -- the setting, administrative arrangements,

personnel, and resources. What are the kinds of occupations
and numbers of mployees in the agency served by the program?
Initially, a policy statement, the staffing pattern, and an
organizational chart showing the OSH function should be
submitted; only changes in these documents need to be included
in subsequent years. Among the budget items to be specified
are personnel, training, inspection activity, personal
protective equipment and abatement. For each item, what
percent of the projected need was made available?

The program planning process should be delineated. A brief
anilysis of OSH problms within the agency with supporting
data provides evidence that there was an assessmint of needs.
Program variations among different sites should be documented.
Clear statements of program objectives and priorities are
essential with an indication of how they were set.

Section 1II. Self-Evaluation

The purposes of this important section are threefold:

- td describe the self-evaluation activities
to present the study results;

- to discuss the implications of findings.

Details of the process for evaluating program implementation
should address the purpose/focus of evaluation; evaluation
design--strengths and weaknesses; measures developed; and data
collection procedures used.

The various levels of evaluation previously discussed should

be incorporated for each major program element and the overall
program. Examples of questions to be answered follow:

- Complaint procedures -- Of the number
received, how many were resolved? How does
this compare with previous years? Have the
complaints uncovered problems?

1626
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Section III. Self-Evaluation jCon't)

-Workplace inspections -- What type and
frequency of inspections were done compared
with those planned? How does this compare
with previous years?

- Abatement -- What percent of hazards
identifled were abated? Is abatement of

- particular kinds of hazards related to a decline
in particular types of injuries?

Training -- For each category of personnel tmanagerial/
supervisory; OSH professional/collateral
duty; employees), how much training was needed
and how much was provided? How was the
training conducted? What were the outcomes of
the training?

-Employee Participation -- In what activities have
employees participated and to what extent? Have
special measures been taken to motivate employees
to participate in program activities? 0o6 these methods work?

In discussing the results of the evaluation, the major issues tU
be addressed include: How well did the program function, as a
whole? in each of its various subcomponents? What changes in
the program are proposed as a result of the evaluation?

,4
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C. OMg cOiste tvaluaidan Procieizes

1. Izstxcdwttic

29 CPR 330 con~tain cartain reciLtramits tbat imast be iz~1uds1
in OM'se.valuadt~a systam. &Arxxg than aze:

- OMa m~t .va1ftte ea~ch aquxy's O=wstional safety and
health yrogz an a regular adiedge.

- Evmluaticwa of larger or xcc bamrdous agences, setabkimbmeats,
or cparaticas must be carz~id ouzt auuzally.

-S 0u smt rodiw tbe agencyls self-evlunid.u rqIp5t and
develcp an evaluationi plan bid ix~tiaing an eaLUaticza.

CO shold owP3..te the agnc evaluation i&tbin 90 day.,
-and uist w~mtt a zq=~ to the ageacy beed %it~rn 90 days

after the clo&Aq womfunse.

The evalmicad. Prr~ws outlined belo' is desgned to irA~xozote
thea Progrm requiraniwzt ani to use OM's I izdted staff ard
finr=Ai~l rGOWOMsa r *MAfttly and effsclV~ly.

2. Seb ftaj3IMg

huA tb. Pest, agutdOs were adwdaaed A= .w~laatix based an hewLr
size and thair injurY/iLUzws raties. A relativeyST mkU auatbe

anY~d actairiv aluatLut tQIA canw hrzeadquather adiuie~ 41&w
evsalUat.ag an ta iaber oif differwit EachL. re-ealuatio iwle

%d~twut sat .dicnq qw.U~ty. There are s.w.a vwys this con be

-As monicid pr~vinasy, tU= spa= orte can bs relaxed
if ewC3,ators rwday heavily cai Arsral A~r

If the amwal report is iz g~et or if no rq= 14 suzi tw*,
OM owuid rweyset an £rafta=m aw-ietLg to discuss the aganysa
Oo~at 4ta safety oin! health y-.ops. ILw umeeting w*Ld be
avtin~d by at least t~a evouAntor and the director of the
Wore~y 0c=uat± ccl safety and huamlh jP-opam: aftstmnxe, by
adtdcitoal OSSA or aqwxy perscxw*.J. xu" be cpt±nai.. Iffie,
P=os of the meeting Would be to Astana~.r if a ocaaplete or
I1-ý.ted wauatiLncf 5hculd be oAd 2%31*d or if progr assistatx*
from OM is needed.
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-In own c~ses, thbe wumal rqt review may ind.cats that
a c~ag~te evaluation, incliu.xg both headluartars and fLold
roeo4.s, is not apgrxiate. Fa exunple if an &qcicy rejrts
that its seJ.f evaluation 1xm. a need 1= moe X&e-e d=
Cofl-eCtian -d analysis, OMW m~h elect to =n& :ly a
heedutpttw review. TI- evaluation rept to the agm-y Ini
that ca would refer to the self evaluation and discuss only
the quality of the ageacy's gogr plawin s~lrs

-Althz 29 C L960 rezires acual evaluaticts of "Large" cc
"wre ba 0u aanuc±.s, in m yawn, an agency evaluation
-? not include onsito visits, but ftcus only on the agency e'valuation
repot. Such evaluations *=Aud be conndited only %bee a r - -1t
ansita evaluation has conncluded that the agoncy ban a good p~grm
and vkwe the agamay sumits a coa~ebsive Anoal Reot. 7hs
aepe review %*Ald met the arxnal evaluaticin reqidr it I, bu

would not require extwS2voJ staff time, staff maers o-d-ba--
available to con&=uc cunste reviews of additional agmndes.

-Mduc. tim -.- p of evaluatocr,%. Pa emuiple, evnt-1=3; a largp
agency receives an arzzal evaluatdior, the evaluation may include
only mne uajcr Wxmzit each yeaw. Af ter the eMrst year,, the bhs:Dtas
evaluatim wouLd only fix= on denges since the previcus evaluatlon.

EqpIoyIng one or mor of these mstI~xds should inaease the mifter of agdes
to be evaluated sead yaw. M ine OM uzat ehedUle its evaluations, it is
suggested that a Odiedule for onsite eluntioc be developed based onamo
moe of the flomi~ng factos (see Sa~l. Sdiedule. Table 2) s

-Size. hAi y %wchsen to define Olarg." winl by its nat:e be
arbitrary-; the number of agencies wculd vary from about 10 to
20 aramaLly. For illusizrative prpaea, over 20,000 woya
was db~sen.

Ma urjxy/illzass ind 4 a nd severity rates. C~rent
calena yeaw lPM data will be used to identify agencis
with hLsbm tban average irijixy/illness rates. To the
ettent yowadW , QCP data will be analyzed to idetify
hazwaubs sbzxilts vitbin agences. Eihe fwtor, a bigh
overaLl agecy rats cc a hi~ft rate vitldin a u~Lit may

in:t~as n coansi evaluation.

-Special ;rablem. CSM will maintain an I nim~tion file
for eac agency. 7hle Mie %ill i nclude amuml. reprts, the
results of imwrawced anpci ndm acciddnt investigtionst
Ceplayee or Ittee r%=ts of bazarftuu condtions, *to. Thi
file winl be redewed amnualy to dateraine if other fecora
indicate that hazardous =n& iticws may wcist.

1629



3. KValuation plau XqWertimi

Aftm aL 6WASd is mef to waluatis a pw~tilw aveiny, a le"d
wnal~at wil be damaiig'ata 0Y65?Sl ropmi y *wOw i .emluation. (~
ema lead Onlut~ucwil WL1 pm. a ~Wittem MmJuatim~' V~IM
based to a r"4W of all ixtinmL thme~ awa ZI^e Inclaml
tIm met rac" !1 wnmal rqpwt. Am the lead eveliMaw lcqwoth
evalustion pLan, be or dos JWdLw y tina.. mi Or astab~mbe

* mant visits and apuAal wea of cm 'with field evaLustwo in
CUNb regional atflos.

Tbe miauatiom pIm~ will ±ndxade a tmntat~ve *iemi3* ft d
,~~z S I pws5rm , , %utwo and field abutahua an .4 an
43=W,11 -, p"Deed si~t& ftleqtion, a List of UW foiumit* the
sio iWu3A easomit Prior to dom eabftion, aid a - ad gm.
of speiad.l wow of c~mn it uiy. hy o rpixinA
OM will r"#mv sud as cwtifled MS I*= ,wmwqmt cmdtton. o
tel need ftx a pro&t safety Iggm will. also be listed. Mwe

ftlautionAm %dU il be Owtmdd to tel egmany bead with tbe
ealuation notdfteaton letattu a cy will be trwadftted to

ISI Ip~ef a re aaal pwaxxul.

4. Opecim =Oxux

ftai opmadn cmfacr=*a at the beluw~ters level sm-rks the offtidel

lzdt~ation of the smwailumtion. (TI-A seqi'r of evenits tom theqmmo~ndrq

avmcy s a~~iaa safety and health prgm h xc~ ofth
cm~ Offla of ?.al Agency Pro~ma the dir Mir of tel livision
of yEvauwa.an, .4d the leaid evatatm=.

Mmh parpes of the conferetwe is to explain tel prp~im of i*2w
evmlustiori. to desribe the wmvatiadm yrocers, and proc.&res. to
a~sms the mites to be vieited, arid answ mW, qmstions ftrau
Iagwcr prmomal. Agmicy ymworml umj also smiggest ad.omal or
altwnate sLtos Oxw onstb3±~mt, visift, bft final dwadA sam n
site aelecedoni wll be mid y S%

IPeld an I, hemzwe evaluation activities will begin within to

S. BrumbJltmet Visits;

lin cra O a to owry afit aohuansLivs agumit% vlai
ft 1-01- ,woi aid field setstabLLkma, all smaluatwo

t stm4 cleai, .4 kasp in mind ftall tIds.
bw i tiMr dt4nad on of agency oai4 sane with the 29
CM 1960 kroami elaznts is relat~ed to OM's a15=na
deenarmtiam of tho effectivwaeis of tem agotcy ooaatxa
safety and health pm~an. The relationmitp cmi be
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undarstood mw* clearly if &adiieoot. of the 20 CM' 190 ie~r mu

at. 9 ap'l. , ajl. I toItivetrss d
Program-a. a.nsa AptWO non ,v n Ir~ P£Wft aWAI a

bm~vmust be beaind m the *nauwcs' maneysis of 'how w&Ul
t06 49409: %,4 taUled its aci'vities to iWt it* iwftiftaal
neatamd oft m Za thm ZxWan alysia, a g=4d mtot mmaud

~1y o3tM~n &U the elwats. but cavJ*,me vfth ieoated

Thehedqw's emaUsation may be canvicted a~ba solely by the
1ead .vsiuator or~ by a twon. mWae, a tarn =%&nwt the evaluatimon
tim load .vsliw wW.l atzn primay rampas'bdi~ I fIVw 4LoecdWm
the mm i, bft aU WL .Mltm UM& patiae

KDring thm vinLt the m .aluat(s) td.U mak quesdnu to detw=Lm If
the 4613y is Wj 41maiting the 29 CMR program *1.mits (a 00mmaideutd
fc Zv.Iaduati in 'Table 1) and W lw reain. c the
vwriancus ~uxnrn of tht awj.ncy goq'a advLa~stiratdive suppt,,
vw an PLuMtzAv iu~mp,. ... - nd evi s~m a xplt
dotmziin. if th eax~y has alIjomted appuro~Late resourcmes Ic
aalytical, equ4.pI . the evalusto(u() will adc mot only tboo wzmt

of remmxce. illocatse, but almo such questLons as: *1b, was the
nedo analytical e*uiizunt 5 -1dmcied? " $at pric-itides ww

etabl±ishoV' "WIat tsinLaM was provided on the use of the aqvijit2
and Oft thm eqipsit been used effectively~

it is maticipated that d.w~ ev1amm 4l ata~o ately

of the facility. Aftor the ontwat ima~pwtws avalusti~on in

imayrespcts, fie.ld enauatiofla mill be carried out mLndiw to
headquwtsirevelaumdms. 2WqwillincULftsopr&Wccnfwc--e,
d.ecurmiaon dmat the overaticm of tim eatambl~iduut' aammtoa
safet and ath Vm = and a closing confaroncm.
Th rmay ps of 9L*Id evaluat~ios is to determine if the

coovatinal, ad bealtii Ipoqc n establi abed by asavy
leadesl"P in be.gLnpts at thm establidimat lewel. Mae
fteld fwalastr %4l thierte, usually concentate bis cr hor eval~uation,
on tim OPzogrm IgLamn~tationo copxmurt of the total OW -
(Malevant. 29 CMR M.96 progo elemats we list, d in Table 1.) TO
detaadam bw wall the Sc ia is being mn Ouwtsd, the evalustor wills
1) diacums the xv~an with tieme eabliinmwnt oft~cial responsible 11o
safety and bemith mid wth ew1vyees and s~layme repcosaitAtives, and 2)

%mixl through tbo establiiwa mt to dateridzm cqlmic with 29 CMR 1960
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-- -L - -n-- r r " b g a t " .V

me .LIu= C ie Oftbator AýMt- -- Or at

oa m es psttlrilazin ?Psa w 1 SI M 9uutu twil WZ'b ac t •p~1 ane • •u or tt

wtt eb MA slustor p m to omits O IW uO & V a.

3 h all m a, all ewbhators aMt kup In sldM that ult~lfe
4 MEVSIb1.it for wpotlcn oC the M prOpiam 2ie with the
be •he; ct the ntWO t- ists a reblotin ats
the e4gW Pso u, I Wr r a of 40ab or subuzdt satcJW.

The wo$ftlaa w ian 8ur•ogtait part or the mparm e -ua•. o
but, its yuwnRwo shag not be oatusee with a pavok, setor
lmpectle. m. crqenids between 29 CP X960 pr"rem elmioft
(iOlUdlnx arwie to -S stgxxurds) uir waftaimw ucw.ditam
will be oan-wdered by the evluator as potertil ayuptoms of problesm
In athe fixatremtI on or the e an's o,,atrimtlal safnty an!
health pqfmm.

Afrter the facility. review, the evaluator will d4ts•a serious
disorepancies t"t were observed wIth the director or the abli*~t
prqps to Gterdne. wsre there vsigt lave been a bredakb In
the apnq CM program ttat adt have led to te vIWAtlnms. Potr
exwV *le, It wiployeas were obsered woring In an IroIt
eodIMMM CM noese stan~dst withoiut hearing Protection, the
evaluator would atteapt to determine whether: 1) Neither MOr t
nor workers recogdzed the hazard, 2) rekogited the
haard but; did not allomte sufficlt resocues for anmerlix
ocnitrol or personal protective equipuent, 3) personl Protective\
equipment was available, but workers were not woering it because
thq didl't recogidze the hazard wd management di't xwpa
that the equl4punht be worn, or 4) sew other factors led to the
oladition. Pinall~y, a closing conferene will- be held dureM
wich the field evaluator will sumnmrise hUs or her major fruidu .
kW haz~ards requiring Immediate attentin will agaln be noted.

After the alte field evaluation Is completed, the field evaluator
may need to otmie the evaluation by discuosing his or her fIndlnp
with the lead evaluator. Such diasusiorm nsmy be necessary to determutn
where the aegny 'a program failed-Were workers exposed to hazard
beause agm'nc headquarters did not establish procedures?, Because
proseues were establIshed at the s•gny headquarters, but not
i it a in the field? Becae the diretor CC the eetsblisluft
Smvted to Impement the procedures, but was not given adequate
resourse?, etW.

Field evaluators will write up their reports aix! forward them to
the lead evalistor. 7he O{A Nationl fTice w1.l supply Regional Orfioss
with Instructions for preparation or establiabmrt reports. Thm establilma
report wil describe how the establishment progtm met, thilod to
meet, or exceeded agency arti CISAA requirements. hs report wil
also ri t probable oa ses for problem founnd and au.estlons for
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6. Agency iedqmavtau closing axkftmM

0 ~ Th tmpIapm of thm clasing amiu niom is to Inbuamlly let OPFAV
veruoimnl 1mw *ast OUR fin94zu aid iwusta I Milly be
included in the fixtal xqpt tx I t md~ the Secet!~ q9 L*aW
to the agiW head. To yclga f~m the cloing QomftWM* the ii
aetus1Ltow wMl anialye all LSodml bnqU't finding. Vao
elm will detaeoina the ewto* to thm agwM bet cG&IM with
thee 2CIR 196 pacrn .ltasx and biov tbo aocy's aLw~Umer w
failure to aoqly has Id an iqiect an the ebffst1vWWM 4C Its o
&amay efftts exceeding the uinij ~Iwmt will aLsi be vaiie

After bref~ Iung aj.ite wevi3ntho led evaluator WILL
udhedul* a closing wxti~ren at aen imaisprtesm. fm Closing
oonferanoe will be attude by ales-the lead invmlusmt, the

d~rW~c attheDivsimofZvaluwtkm and the dirgmctorf the agncy
OCCI~aioal afty ndhealth jVzgrew attendance by additknal

CM or agacy peraxuiel will be epticial.

7. rinal asot

After the clmsing oonfuzunce thm 100d ealuator Will prepar a fina
III=r fl -q~~pito spervisory review. #jm zwpor will 23llow a

cam atet ftmats, aa~amixe by ytogr. ocagnent- it will not
include all bailurn to amp~ly with the 29 CPR 1960 pmrogam eleamntu,
but will urn exseples drawn from regicnai sod national evaluator
findings to illustrate pcouu strenigth and weakmnuine.

Vithin 90 days of the closing oonfrencep a final report wil be
ftxwitted frcmr the Secx-etary of Ie~a to the agmnoy load. Within
60 days, the agency lhed will review and amont -on the- report.
Incltxdd in the otiumnts will be arWy prcgcm imrozveuimitI wade after
the closing doonferencm. 21W. final evaluat~ion report, iriciwling
agency ecounnts, will then be forwarded to the Off ice of Mmnaguient
aria Dwjigt, and fina~lly, to the Presidemnt.

(7. 1633
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UNNKM TATU U MAL SUVI¢

XMIMZ= SATU

a 7 19.0

TOTAL CASES LOST V;MMM MM Of VMZR

TOTAL Us8 POwTA SUIVICJS 8.83 5.36 669,004 12

Warwick, 1 27.03 16.22 27 -
Brckton$ iA 25.50 5.61 911
PaCukot, R' 213,59 13.68 240 -Providence, RXI 21.68 13.52 1,642

Fr1ibs VA A.97 12.07 106 -Now Haven, CT 18.76 13.65' 1V538

Lawrot-4, YA 21.61 Islis 232
Boston, NA 18.65 121.32 91086 -
Brifiepot, CT 17.23 9.7% 700 -

Worcester, MA 16.82 16.41 907 -
Hartford, CT 16.25 10.03 1971 -
NJhasb. M 16.2( J 3S003 16 1 -
Bangor, wT 16.17 14.13 219 -
Lyn&, YA 14.37 14.13 327 -

Manchser, N M 13.84 10.C1 2,70 -

Concordeak, NT328 12.77740 1391

Aitchbuay NY& 12.50 12.58 86 -
• Itezo•II -Nsu, York

Massapetqua* ry i.. 7.07 19.J5 1*3 -
SSuffers, MY 20.,09 13.4A 2$6 -

Hljisville, NYt 18.0•5 !5.99 1,709 -

GadeatbC•iT, NY 17.88 17.03 124 -

Paes•n.o, NJ 176 1.5 12.32 12 -
AtlnticwMt Ci T 16.51 14.49 291 -

Heopiteoad, MY 15.57 15.39 35l -

Jerste City, NJ 15.07 1,74 843 -
BTO&IYU, MY 14. 74 14. 67 5,)274 1

sbyla, N•Y 14.69 8. 71P 165 -
Plash~•, NY 14.38 14.17 6099
Noffid, 0 13.43 12,3•1 2,1146
Now Hyde Parkt, NY 12.82 12.J2 149 -
Albany, 11Y 12.59 11.12 84 -
GATdft city, NYt 11.88 U1.88 161 -
Nis Wa,' 1*11s, NY 11.05 11.83 168 -
Tonwad, VrT 11.17 11.17 117 "

Realm II - Phiadelp hia
RIoanoke, VA 13.13 8.38 596 -

',apt H toort 0m• M 12.66 10.97 135 -
Mutitlatoto, VV 12.07 11. 79 284 -
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TOTAL CAMl LOST ~WOM Y 1AM of tW 336
CASES 100ATIM FA2tAL1

jsswlon 14." 1.33 2,111 -
Ft Lauderdale, L 10.82 6.58 12,1

12AL22 V - ChioMo
Dearbov, MI 22.89 7.05 313 -
Aurmra, IL 22.50 10.27 228 -

Lorain, ON 16.61 14.34 131 -
Gary, m 14.70 10.32 711 -
Youngstam, ON 13.68 7.28 7M2 -

Clevv-lad, ON 12.59 11.80 6,133 -
Nollne, IL 12.50 12.50 98 -
Akrov, OH 11.44 10.09 1,084 -
St. Paul, M 11.03 6.46 2,3712 -
Chicago, IL 10.85 9.43 15,067

R egion v1 - Dalla
Galvesto, TX 14.47 13.62 129
Corpus Christie, TX 13.32 5.80 548

RoeOig VI1 - KIM&@ C11
Council bluffs, IA 18.52 12.04 116 -
St. Louie, NO 13.43 5.74 5,503 -
Topeka, KS 10.00 6.93 547 -

Rion VIIM - Denver
Pueblo, CO 14.16 11.35 304

R2uton IX - San FranPCia;
Redwood City, CA 13.49 9.97 181 -
Santa Rose, CA 12.63 5.45 427 -

Santa Ana, CA 11.85 5.15 1,385 -
Oakland, CA 9.27 5.98 3,382 -
Los Angeles, CA 8.65 3.06 9,867 2

Region X - S.UASe
Portland, OR 9.78 4.87 2,717 1

1, addition to, the above, thare was 1 fatality in each of the following Post Office.
Now Orleans, LA - BeTnice, LA - Glendale., CA - San Diego, CA - Alexzadria, Lk
buffalo, NY - Alma, 141 -- Bitainghe, Al.

The 21 Bulk Mail Centers are not identified in PARS. They are Included in the
applicable State for all other. However, it is a knonm fact that their incidene
rates are all more than double the USPS average.
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• i• -• -_ ..... .. . ... . .. .. -" :. - Y• . ......Y~ y "t !,.flP• . ~.'..... -'

CY Uk)L
VETUAlhS AMKINU~RTIUM

TOTAL CASMS L08" WaNWAY MW O MU5
CASS UJM0 ?AtM,

TOTAL VIMZ A•I•ASIATI 7.34. 3.14 211,574 1

-elford• KA 13.74 13.74 1,352 -
Worthhmptouo MA 10.07 10.07 1,004 -
Toetus, *6 8.06 8.00 10206 -

IS11129 1 - 1162 12A

-Hont-ogs, NY 20.21 7.93 1,657 -
Now Yokj, MY 13.15 1.89 2,227 -
Brooklyn# NY 11.87 6.93 1,665 -
Lyon., 3.7 11.36 9.00 1,791 -

I Castlie Point, NY 1.0.3 " L0.38 749-
Northport, IN 10.19 10.19 1,862 -

bronx, NY 9.67 9.58 2o266
CauadoLpsa, NYl 9.34 9.34 1,243 "
lath, UT 8.21 7.10 701 2
Albay, G& 7.40 7.20 1,546 (

•, ~~R,,ion III" -h*d!h.

Ft Howard, mD 16.93 4.70 504 -

Pittsburthp PA 13.24 10.16 933 -
Baltimore, MD 12.80 6.58 941 -

12422o V - MhISS"

Cincinnati, ON 48.61 1.00 1,110 -

Cleveland, OH 16.98 1.90 3,078 -
Danville, UL 16.91 13.98 1,456 -
Daytons OH 16.72 2.18 1,761 -
St Cloud, i 13.10 8.01 1,159 -

Resion VI - D~lla

Houston, TX 10.50 10.50 1,304

ALUMMs IZ - SEM.5  ait

Knoxville. IA 19.47 7,99 1;123
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Cheyene, WY 18.89 8.46 350
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TNT Equivalency
Evaluation of Test Methods

F. L. K1CINTYRE

Computer S91ences Corporation
National Space T~chnology Laboratories

NSTL Stsition, MS., 39529

"TNT Equivalency is defined as the weight of a TNT hemisphere which
provides the same free field peak overpressure, or ratio of impulse to distance
at a given distance as produced by the material under test."(I) The method

for determining TNT Equivalency of a given material has been standardized as

0 outlined in DoD Explosives Hazard Classification Procedures TB700-2, dated
___ March 1981,(P) and in Structures To Resist the Effects of Accidental Explosion

WTM5-1300/NAVFAC P-397/AFM-88-22.( 2 ) The two methods are basically similar.

A test specimen is placed at ground zero on a steel witness plate (fig. 1)
in similar geometries and detonated with the aid of a booster in an explosive

C train. Airblast parameters (peak pressure, time of arrival, positive duration
and impulses) are measured by piezoelectric or piezoresistive gages and then
compared with standard hemispherical reference data. (3) This curve, which

(4)has been revised for more recent impulse data, is currently being used as

the reference by most experimenters.

The standardized test method requires, as minimum, a 20 kHz frequency

response recording system. Modern state-of-the art measurement systems have

an average frequency response of 500 kHz. Systems are obtainable for a

nominal cost having frequency response of 2 MHz and systems up to 5 MHz are
available. Thus, with the advancements in state-of-art equipment, it is now

possible to achieve a higher degree accuracy with better resolution and greater
precision than ever before. Stated another way, it is now possible to see the
actual rise of the pressure-time profiles without sacrificing any other part of

the pressure-time profile.

A study was conducted by McKown and Wilcox(5) using 20 kHz, 80 kHz

and 500 kHz measurement systems. Their results are summarized in figure 2,

which shows that frequency response can limit what is seen and reported. The
measured value of the peak pressure increased with an increase in frequency
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response. Similar results were also obtained by the author when calibrating

a new instrumentation system using hemispherical-shaped composition C4

charges and comparing these values to another instrumentation system that had

a frequency response of 20 kHz versus 500 kHz. The posk pressure values of

the 20 kHz system were exactly one-half of the measured value of the 500 kHz

system at the same scaled distance of 1.19 m/kg1 1 3 (3.0 ft/lb/ 3 ).

Under the auspices of the Army Plant modernization program, airblast

data were obtained on approximately 44 expiosives, propellants, and pyrotechnic

materials. (6) The majority of the explosive and propellant data were measured

by 100 kHz and 500 kHz data acquisition systems. Generally the values reported
were significantly greater than unity. Many of the materials tested were in

in-process configurations of orthorhombic or cylindrical containers with varying

aspect ratios (L/D) usually greater than or less than 1:1. The data were

compared to the standard TNT hemispherical reference curve;(4) such a

comparison would make the equivalency values for the test material seem high.

The fact that the geometries are not always similar accounts for some of the

differences. (7) Secondly, the sample material was placed on a steel witness

plate providing for a standarized reflecting surface at point source; thus the
incident and reflected wave would coalesce to yield higher pressure and impulse

values(8) than if the surface at ground zero were a perfect absorber. Charge

shapes such as orthorhombic and cylindrical also causes variances in the measure-

ment due to edge effect.(9) Still, all of these factors cannot always account

for higher-thap predicted pressure and impulse values often noted in the

experiments.

McKown conducted a study(10) using cast TNT hemispheres ranging from

8.16 to 9.53 kg (18 to 21 lb) in the same configurations outlined In TM5-1300.

His results indicated that peak pressure values for cast TNT hemisphere were
greater than unity at all scaled distances betwen 1.19 m/kg1/ 3 (3.0 and

18.0 ft /lb/ 3 ). TNT equivalency values for hemispherical TNT varied from a

minimum of 110 percent to a maximum of 157 percent when compared to the

standard reference curve. In essence, the pressure curve shifted to the
right for these scaled distances. Impulse values, however, did not follow

exactly the same trends; at scaled distances of 2.14, 3.57 and 7.14 mr/kg 1 / 3

* (5.4, 9.0 and 18.0 ft/lb 1 3 ) impulse values were greater than unity (fig. 3).

Although McKown's study was only preliminary (due to the limited number of
tests), It Is possible than using 500 kHz or greater measuring systems could
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cause the reference curve for peak pressure values to shift to the right.

Additional cast hemisphere tests are scheduled. The work to date is in no

way intended to replace the current standard TNT hemisphere reference data,

but rather to enhance and supplement it. Continued use of existing reference

curves is warranted.

The data obtained for the Army Plant moderization program were reported

for in-process configurations that represent real situations that include:

e Rigid reflecting surfaces

* Varied geometries representing small and large aspect ratios

* Bulk and/or cast material

Such configurations would yield higher values, which may represent "worst

case" scenarios that do in fact account for large amounts of damage even in

facilities originally designed to existing standard reference curves. What had

not been taken into account previously was the fact that the data generated

for the modernization program were obtained using modern state-of-the art

measurement systems.

SUMMARY AND CONCLUSIONS

a here are standarized methods for determining TNT Equivalency.

With modern measurement instrumentation, it is possible to be more

precise In obtaining pressure and impulse values because of greater

Sresolution and accuracy.

) Preliminary results of recent cast TNT hemispherical tests indicate

that new peak pressure values versus scaled distances could shift

• the standard TNT reference curve to the right.

) Airblast parameters measured on 44 explosives, propellants, and

pyrotechnics indicated higher peak pressure and impulse values, due

primarly to geometries, reflecting surface, and state-of-the art
J, Instrumentation systems.

i653
J/



REFERENCES

1. DoD Explosives Hazard Classification Procedures, TB700-2/NAVSEAINST C
80203/TO11A-1-47/DLAR 8220, 1 DATSO March, 1981

2. Army, Navy and Air Force. TM5-1300/WAVFAC P-397/AFM 88-22:

Structures to Resist the Effects of Accidental Explosions.

3. Kinger, C. N., Airblast Parameters Versus Scaled Distances for

Hemispherical TNT Surface Bursts, BRL Report 1344, September 1966

(AD-811-673)

4. Westover, D., TNT Hemisphere Reference Data, ARRADCOM DRDAR-

LCM-SP, Private Communication 1978

5. McKown, G. L., and Wilcox, W. R., Verification of Instrumentation

System for Class la In Scaled Distances; Unpublished, 1967

6. McIntyre, F. L., Compilation of TNT Equivalency Test Data on Selected

Explosives, Propellants and Pyrotechnics, Vol. In Final Preparation

for Distribution, 1982

7. Petes, J., Watch Your Equiv 1lent Weight; Minutes of Twelfth Explosive

Safety Seminar, Department of Defense Explosive Safety Board, August

1980

8. Baker, W. E., Explosion in Air; University of Texas Press, Austin,

Texas, 1973

9. Wisotski, J. and Snyer, W. H., Characteristics of Blast Waves Obtained

From Cylindrical High Explosive Charges; Denver Research Institute,

November 1965

10. McKown, G. L., Calibration of Instrumentation System; Unpublished,

1978

1654



24.4m
(SOft)

6.096m.
(2Oft)

3 048w 3.048m

106. 7m 15. 24•M
(350ft (5Oft)

S\ ODD GAGE LINE
\UNDERGROUND COAX CABLING

LEGEND: SAND FILLED RUNWAYS

EMAIN JUNCTION BOXES d4
t TERMINAL BOXES\FUDICUAL MARKERS

*MOTION PICTURE CAMERAS
SGROUND ZERO
..---- • ___ _ UNDERGROUND COAX CABLTNG - f 6.7m

ERMINA DISTANCE UNDERGROUND CABLING (350ft)
UMBER METERS(ft.I TO TEST CONTROL CENTER

a 4.572(15)
b 7.62 (25) hq
c 15.24 (50)

22.86 (75) J4

Se 30.48(100)
f 38.1 (125)

g 45.72(150)
h 53.34(175) k

j 60.69(200) EVEN GAGE LINE ,

k 76.2 (250)

UNDERGROUND CABLING TO TEST CONTROL C'ENTER A
CAMERA CONTROL CABLE TO TEST CONTROL CENTER- S"

INSTRUMENTED TEST PAD LAYOUT 8 8
F.L.M. 11-22-80

I Fig-re 1

1655



Pr 300ps1

-nput Bl"t Pulse Duration 120m nee.

Output from Nominal 000 KHs SystemApproximate ieosposeg Time Conritimt =.•145m sec.

.041- Output AI'M NomnoMft 80 KHz System
Approximate Lesponse Time onsutant = 1. 3M see.

S-o Output from Nominal 20 KHz System
Approximate Response Time Constant 3.63m sec.

iz
0

1000-

0 -

0 20 40 60 80 100 120

TTME (mn sec.)

Figure 2. Data Processing System Output Versus Time Showing
rhe Effects of System Frequency Response
Limitation On A Typical Blast Pulse Input

1 .656

• 2 __ _ _ _ _ _ _



IMPULSE SCALED DISTANCE Ft/in"13

1 2 4 6 10 20 40 '

400LEGEND:- CAST TNT
- -- BRL 1344 CURVE

200-

CAST HEMISPHERE TNT
.100- LID 1:1

60-

40~

20- 20 m

10- 10~

N6- 6

0

N

2- 2 ~

1 2 4 6 10 20 40

PEAK PRESSURE SCALED DISTANCE

Figure 3. Peak Pressure And Scaled Positive Impulse Versus
Scaled Distance For Cast TNT Hemisphere Compare
To Starndard Reference Curve (BRL-1344)

1657

_____ -3,7-N.



I if

MUNITION/BARE CHARGE EQUIVALENCE (MBCE) IN SOIL
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Munition/Bare CharFe Equivalence (MRCE) in Soil

by C. E. Joachim

BACKGROUND

Many military research programs performed at the U.S. Army Engineer Water-

ways Experiment Station (WE3) and other Department of Defense (DOD) l4boratories
require information on the blast and shock characteriutics of buried and partially

buried munitions including bombs, srtillery and m)rtar rounds. This information

is needed ta analyze the survivability/vulnerability of protective stroctures,

such as bunkers and hardenad command centers, as well as naturally hard

partially-buried structures such as runways, bridge piers, and abutments.

Field tests often must be conducted to support or verify weapons effects

analyses, either on model or full-scale structures. Substituting bare explo-

sive charges for actual munitions eliminates fragment hazards, and permits test-

ing in numerous locations which are frequently more economical and convenient

than the remote locations needed to eccomodate weapon fragments.

OBJECTIVES (
\ýThb objectives of the work discussed in this paper were tol5(4) determine

bare explosive charge sizes and shapes which may be used to simulate blast and

shock effects of cased munitions against buried structures, and (1 to expand

the current weapons effectR data base for cracering, ground shock, &nd soil

stresses produced by munitioas.

ITES TES

An important feature of the MBCE test objectives was the requirement to

obtain data in realistic environments, i.e., representative of potential combat

regions. It was determined that moist-to--wet clayey soils with shallow water

tables would best typify tht soil conditions generally present in temporate

and tropical regions, such as the European and South East Asian theaters. The

MBCE test programs were conducted at the White Sands Missile Range (WSMR), NM

"1660



(NBCE 1), Fort Polk, LA (MBCP I1). and Fort Knox, KY (MACE 111). Although the

WSMR areg has the turface features of a desert, the particalar site chosen at
WSIK had a solU profile satisfying the MRCE requirements.

SCOPE OF TESTS

During the MBCE I test program, fifteen 155-m and twelve 105-mr sirtillery

rounds, eleven 4.2 in. mortar rounds, and twelve C-4 bare charges were statically-

fired. Eleven 105-mm hnd ten l•5-mm ýrounds were live-fired. The statically-fired

surit.ions were placed in two basic geometries as shown in Table 1! surface-tangent

(ST)-,-with the nose of the round on the surface; ani surface tangent below

(ST0)--with the round buried with the tail, tangent to the nurface. Each muni-

tion was positioned at simulated impact angles rrnging from 10 to 30 degrees

for the artillery rounds, and 60 to 80 degrees for the mortar roundr. The C-4

bare charges were made into cubes and placed with one face on or parallel to

the ground surface.

"Selected MBCE I tests with each type of munition and bare charge simula-

tions were instrumented. Six accelerometers and six stress gages were used for
each test. These measurements provided a comparison of transient horizontal

ground motion and soil stress produced by each munition in the surrounding free

field soil, and those produced by bare charge simulations.

4 The MBCE II (Ft. Polk, LA) test program consisted of 44 Aetonations:

nine 155-mm artillery rounds (U.S.), eight 152-nm artillery rounds (USSR), nine

122-mm artillery rounds (USSR), nine 105-mm artillery rounds (U.S.), und nine

C-4 bare charges. The munitions were placed in four basic geometries as shown

in Table 1: ST; STB; shallow buried (SB)--with the tail of the weapon 0.76 m

below the surface; and deep buried (DB)--with the tail of the weapon 1.5 m

below the surface. The ST and FTB artillery rounds were positioned at a

20 degree impact argle, while the deeper rounds were positioned vertical.

Characteristics of the MBCE I and II munitions are given in Table 2. As in

the previous series, selected tests were instrumented for soil stress and

motion measurements.
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During the HBCE III (Ft. Knox, KY) tests, seven •-82 0? bombs (250 kg)

and six MK-84 GP bmsbs (1,000 kg) were statically detonated at depths of burst

(DOB*&) ranging from 0.76 to 5.9 a. A sutury of bomb charge weights and

dinmesion. are given in Table 3. These tests did not Include mismitions-bare
charge comparisons, but comparative cratering data in moist clayey soils for

MR-82 GP bombs and bare charges were available from an earlier program (Ro-

farence 1). Selected MICE III tests were also ivstrumented to obtain soil

stress, acceleraticn, and for this series, air blast data.

BARE CHARGES

Preliminary bare charge designs were based on two sources; some limited

data from previous attempts to compare bare charges and munitions, detonated

in sandy soil at Fort Benning, GA, (Reference 2) and other data for bare TNT

charges alone (References 3 and 4). Bare charge used to simulate the MBCE I

and II munitions are listed in Table 4. Munition-bare charge simulations were

not done for the bombs in the MBCE III test series.

The bare charges used to simulate the ST rounds were larger than the net

explosive weight of the round simulated. The ext',a explosive compensated for

the additional soil loading produced by fragment impacts from the munition

case. The remaining burst positions (STB, SB, and DB) were simulated by bare

charges approximately equal to the net explosive weight of the round. Frag-

ment impact did not appreciably influence the weapons effects for the buried

rounds.

RESULTS

The means and standard deviations were computed for groups of static-fired

shots (Tables 5 and 6 for MBCE I and II, respectively). These groups represent

each combination of munition type and burst position tested, together with the

appropriate bare charge simulation. The MBCE I data were grouped without regard

to angle of impact. The test results indicate that the angle of impact (over the

range investigated) did rot affect crater size. The mean crater diameter for the
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ST 105--m rounds was 1.43 u for an aulle of impact of 10 degrees, and 1.53 a for

an angle of 20 degrees; a difference of less than 10 percent. This'difference is

smaller than the stsndard deviation for ali th* munitions in both ST and STM

configurations. This implies that the angle of impact has little effect on the

level of soil loading produced by the munition detonation.

A graph of scaled MIC crater dimensions versus scaled depth of burst for

the munitions tested is given in Figure 1. As a point of reference, the crater-

ing curve for GP bombs in wet clay is included. This curve wes taken from the

1980 revised version of Army TM 5-855-1, "Fundamentals of Protective Design

(Non-Nuclear) (Reference 6), which reflects the "state-of-the-art" guidance

for predicting craters from munitions prior to the MICE study. For the most

part, the MBCE data closely matches the old GP bomb curve. It should be

remembered, however, that the buried HBCE munitions and the GP bombs were all

fired in wet clay.

Excluding the other munition types, the MBCE III bomb tests produced craters

that were somewhat larger than the old bomb craters, with the disparity increasing

as the bomb burial depth increased. This difference is probably due to differences

in the properties of the cratered soil. It is well known that higher moisture

contenta in soil, particularly in clay, results in larger craters being formed.

The moisture content of the "wet clay" material referred to in TM 5-855-1 is not

known, but at the Fort Knox site, where the MBCE III bomb tests were made, it

was unusually high.

Crater dimensions for 155-mm artillery rounds are shown as a function of

burst height/depth in Figure 2. The cross-hatched bands are drawn to contain

90 percent of the test data. Similar graphs for the 105-mm artillery and the

4.2-in. mortar rounds are shown in Figures 3 and 4. The cratering curves for

the Soviet 152--mm and 122--n artillery rounds are shown in Figure 5. The cross-

hatched bands in Figure 5 represent the 90 percent data spreads for the most

comparable U.S. artillery munitions; i.e., the Soviet 152-IM data is compared

against the data spread of the U.S. 155-mm and the Soviet 122-mm is compared to

the U.S. 135--m.

Crater data for the bare C-4 explosive charge designed to simulate the blast

effects of 155-mm munitions is presented in Figure 6. The accuracy of the simu-

lations in terms of crater radius and depth, are evident by the close match of

C • 
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the staulation charge datsa points to the data spread (cr•se-hatched bands) for

the 155-0n Ounitiona.

rare cherge simulation tosts for the IS-82 bombs wra not conducted as a

part of the NIC III tests at Fort Knox. lawyver, in an earlier test program

conducted at kaystown, PA, C-4 simulation charges were fired along with NK-82

Sbombs to develop cratering data for the NK-82 weapons (Reference 1). Although

the silty clay soil at Raystown was not as wet as that at Fort Knox, the

mnnition/bare charge equivalency values for cratering developed in the Vaystown

tests provide a suitable base for designing HY-82 bare charge simulations.

Figure 7 compares the MK-82 and hare charge craters at Raystovm with the MOCE

bomb craters. The fact that the Raystown craters were about 20 percent smaller

is attributed to the slightly dryer (and more typical) Raystown soil.

In the HBCE I series, measurements were made of craters from eleven live-

fired 105-mm rounds and ten 155-ur rounds (Reference 6). The 105-m craters

averaged 0.33 m in depth and 1.05 m in diameter and the 155-i craters averaged

0.55 a in depth and 1.73 m in diameter for contact fuze detonation. The

average crater diameters for live-fired rounds were about 30 percent smaller

than those for statically-fired rounds in the ST position The average crater

depths from the live- and statically-fired rounds match very well. From the

Fort Benning test data, it was shown that static-fired 4.2-in. mortar rounds (
in the ST position produced craters very close in size and shape to those from

the live-fired rounds.

The peak soil stress and acceleration data from MBCE I and I1 are plotted

versus scaled range in Figures 8 through 10. The peak data as shown in thra--

figures show considerable scatter. Although exact values do not match at iden-

tical positions, the peak for the munitions and the bare charges are of the same

oreer of magnitude and show the same degree of scatter. Therefore, it is con-

cluded that the comparison between the MBCE artillery rounds and the C-4 HE bare

charge simulations shows substantially the same results. (Note: The term "over-

"driven," as used in these figures, indicates that the actual peak exceeded the

maximum range of the gage and/or recording system. Therefore, only the maximum

recorded value is plotted.)

Peak soil stress and acceleration data from the MBCE III bomb tests are

plotted versus scaled slant range in Figure 11. The data appear to fall into
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two groups; that from bombs buriud at less than 2.5 m DOD and that from deeper

shots. The scatter in peak soil stress data from shot* at less than 2.5 a DOR

is believed to be due to differences in the burial depth of gages. Those

Sages closer to the surface recorded lower peak values because of changes in

soil properties, particularly moisture content, and wave refraction at the

nearby fr*e surface. The peak data from shots below 2.5 a DOB are from sagcs

located at or near the bomb DOD'*, in saturated material below the water

table. These gages were often overranged because of the intimate coupling of

the gage into the saturated soil and the extreme shock transmission efficiency

of the saturated material.

The equivalent bare charge for a particular munition is that quantity of

explosive which, when placed In a similar position, produces a similar size

crater and a similar soil loading,. When a bare charge simulation failed to

produce a crater of the desired size in the MBCE tests, the charge weight was

adjusted using cube root scaling. A tabulation of the recommended C-4,bare

charge equivalents for the munitions tested during the MBCE test program is

given in Table 7. Ihese recommendations take into account the data trends as

- j well as the individual munition/bare charge crater comparisons.

Munition/bare charge equivalence is heavily dependent on the munitionf position. In general, more explosive is required to simulate a munition in an

ST burst position, where fragment impact boosts the level of effects, than one

below the surface. An exception is noted in Table 7, where twice as much

explosive was required to simulate the buried 4.2-in. mortar round. The high

angle of impact (60 to 80 degrees) for this munition places the c.g. of an ST

round much higher above the surface than a bare charge (because of the length

of the munition) and directs the fragment dispersion laterally, rather than

into the ground. Thus, a small bare charge on the surface very effectively

simulates the 4.2-in. mortar. When the same round is placed in the ground

(STB), a much larger charge is required for simulation.

S CONCLUSIONS

The MICE tests satisfied the program objectives in providing the following

information:
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(1) Cratering equivalency bet•se live- and static-fired artillery rounds.

(2) Equivalency comparisons between static-fired munitions and bare charges

for both cratering and soil stress/motion effects.

(3) Improved basic effects data (cratering and soil stress/motions) for
munitions for inclusion in military manuals.

Conclusions developed from the study results also include the following:

(1) Site-to-site variations in soil properties have little effect on bare

charge equivalence factors for simulating a given munition in a given burst

position.

(2) The impact into the ground of fragments from munitions detonated on

or above the surface is a major contributor to the level of weapon effects

produced in the ground.

(3) Because of the above, the bare charge equivalence fcr a given muni-,

tion changes as the munition height of burst changes, and

(4) _ajor changes in the orientation (i.e., actual or simulated impact

angle) of a munition detonated on or above the ground surface will change the

Slevel of effects produced in the soil., as well as the bare charge equivalence.

I
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TABLE 5. AVERAGE CRATER DIMENSIONS, MBCE I SERIES (WSMR)

AVERAGE STANDARD AVERAGE STANDARD

M M M M

155-MM ST 2.02 0,10 0.57 0.13

12-KG C-LI ST .,80 0 0.51. 0.01

155-MM STB 2.36 0.11 0.75 9.11
7.3-KG C-I1 STB 2.10 0 0.65 0.03

105-MM ST 1.48 0.17 0.30 0.03
4.5-KG C-4 ST 1.15 0.07 0.32 0.05

105-Mm STB 1.88 0.15 0.53 0.10
2.3-KG C-11 STB 1.30 0.28 0.45 0

4.2 IN. ST 0.72 0.13 0.19 0.05
1.8-KG C-4 ST C.90 0 0,22 0.04

4.2 IN. STB 2.18 0.24 0.76 0.12
3.6-KG C-4 0.3.-M DOB 1.85 0.07 0.60 0.07

J
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TABLE 6. AVERAGE CRATER DIMENSIONS, MBCE II SERIES (FT. POLK)

AVERAGE STANDARD AVERAGE STANDARD

ULIIOAUQtiM JILUIL DLMAIL

155-MM ST 2.37 0.0971 0.53 0.0153
155-MM STB 2.30 0.7229 0.68 0.1311
155-MM SB 3.01 0.2545 1.18 0.1273
155-M14 DB 2.86 -- 0.66 --

105-mm ST 1.31 0.23 0.29 0.0153
105-MM STB 2.56 0.4571 0.62 0.1345
105-MM SB 2.68 0.1697 0.665 0.0495

- 105-MM DB 2.18 -- 0.63 --

"12-KG C--4 ST 2.18 0.3050 0.69 0.0173
6.8-KG C-4 STB 2.91 0.0707 0,93 0.0778
5.8-KG C-4 SB 3.38 0.6718 1.J4 0.0707
6.8-KG C-4 DB 3.9 0 0.811 0,1212

122-mm ST 1.83 0.2448 0.39 0.0742
122-MM STB 2.25 0.1674 0.60 0.1586
122-MM SB 2.71 -- 0.81 --

152-MM ST 2.05 0.1143 0.38 0.0529
152-MM STB 2.51 0.2777 0.68 0,0744
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Figure 11. Peak horizontal stress and acceleration versus scaled stanr:

range for MK-82 and MK-84 GF Bomb , MCE ill/Cable Vulnerability
Study.
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TNT EIQUTVALENCY OF PIMTOLITE HRMISPHRRES

BY

Charles rinsory,, • George Coulter

Ballistic Research Laboratory
YUS Amuy Armament Research and Davolopment Comand

Aberdeen Proving Ground
?4' ryland 21005

ABSTRACT

This paper presents the results of a limited study designed to determine
the TNT equivalency of Pentolite hemisphere dotonated on a sand base. Three
Pentolite charges with an average mass of 1.129 kg and two INT charges with an
average mass of 1.146 kg were detonated over a sand base where blast parameters
were measured along two blast lines. An average value of the TNT equivalency
of Pentolite based on peak overpressure is 1.11. The value based on impulse
is 1.07.
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A.~1 1WlKR0DUCTION

Airblast parameters from the detonation of hemispherical TNT charges
have been well documented in Reference I for yields ranging from 4536 kg
to 455590 kg. Those charges were detonated at th6 center of the flat
side which was placed on a clay surface. Airblast parameters from t~e
detonation of spherical TNT charges and spherical Pentolite charges in
free-air have alt-, boon well documented but there is a lack of data from
the detonation of Pentolite hemispleres on the surface. The TNT equiva-
lency of Pentolite is listed in Referunce 2 as 1.17 based on peak over-
pressure and l.1S based on overpressure impulse. WheR using Pentolite
to simulate TNT on one of the small scale model tests the equivalency
values listed above did not appear to be valid for surface burst heais-
phores.

B. 2U!Stives

Recause of the differences noted in Reference 4, the Department of
Defense Explosives Safety Board (DDBSB) agreed to sponsor an experimental
program at the Ballistic Research Laboratory (BRL) to determine the TNT
equivalency of Pentolite hemispheres. The test area used in Reference 4
had a sand base and therefore the current series of tests were also conducted
over a controlled sand base. This will determine any difference in blast
output for TNT hemispheres detonated over sand and the established standard
curves where the charges were detonated over a clay base, as well as es-tablish a TNT equivalency for Pentolite detonated over sand.

II. TEST PROCEDURE

Discussed in the test procedures are three areas required for this ex-
perimental program. They are: The site preparation, the test charges,
4nd the instrumentation.

C. N. Kingery, "Air Blast Paraineters ;ersus Distances for Hvemi-pheical

TNT Surface Burst," 3RL Report No. 1344, September 1966.

2"Structures to Resist the Effects of Accidental Explosions," Lept. o," the
Army Technical Manual, TM5-1300, June 1969.

""H. G. Goodman, "Compiied Free-Air Blast Data on dare Spherical Pentolite,"
BRL Report No. 1092, February 1960.

4 Charles Kingery, and George Watson, "Blast Leakage into Hardened Aircraft
Shelter Models," Tech Report ARBRL-TR.. 02392, Feb ruar, '982.
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A. Test Site

The test site w&3 designed for small charg3 programs. The blast lines
have a heavy crushed rock base with a fine crushed gravel on top of that
and finished with a sand layer approximately 20 ca thick. Two blast lines
were instrunented for this series of tests to check the syametry of the
blast wave as it propogated from ground tero, defined to be the center of
the flat side of the hemisphere. A photograph of the test charge and close-
in station is preseivted in Figure 1. A test layout showing the gage station
locations on the two blast lines is shown in Figure 2.

B. Test Charges

1. Pentolite Charges. The Pentolite charges (SO PETN/S0 TNT) were cast
at the Hot Welt La ratory, a high explosive casting facility at the BRL.
The mass of the three charges were 1134.1 gi, 1125.4 gin, and 1128.1 go giving
an average of 1129.2 gi which was used for the cube root scaling. A small
hole was cast in the center of the flat face for insertion of the detonator.
All charges went high order and produced consistent results.

2. T'N Char es. A total uf four TNT charges was cast for use on this
series of tests, J e first NrT test configuration i.s shown in Figure 3A.
The detonator was placed with the and flush against the PBX booster. This
resulted in a low order detonation and thernfore the booster configurationt was chringed for the. next TNT test. The plastic ring detonator holder was
replaced with a ring of Comp B as shown in Figure 3B. This configuration
did not result in an acceptable detonation, so the last two charges were
modified to take a small hemispherical charge of Pentolite as the booster.
This booster configuration shown in Figure 3C was successful in producing
two high order detonations. The two successful test charges were 1151 gm
and 1141 gm mass giving an iverage value of 1146 gin.

C. Instrunentation

Established procedures for airblast instrumentation at the BRL were
followed for this series of tests. The blast transducers were PCB Piez-
otronics Series 113A, with quartz crystal sensing elements and built-in
voltage amplifiers. The transducers were mounted in lead bricks with nylon
brushing to electrically insulate the transducer from ground. The bricks
were buried in the sand with the top face flush with sand surface as shown
in Figure 1. The signal cables were buried to a depth sufficient to
eliminate any disturbances that might be generated from the blast wave or
"ground shock.

Honeywell 7600, 80 kHz, FM tape recorders were used to record and play-
back the pressure versus time signals from the transducer. A Honeywell 1858
CRT Visicorder was used to transfer the data from the tape to an analog
form fo7 a quick luL. of the results at the test site.

For the final data output, the tape signals were processed through an
analog to digital converter, to a digital recorder reproducer, then to a
computer. The computer was programmed to apply the calibration values and
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present the data in the proper units for analysis. From the compter the
data is put on a digital tape from which the final form can be plotted or
tabulated. The digital taps can also be stored for future analysist ,

III. RESULTS

direct comparisons will be made between the two explosives. The blast para- J
meters to be cnmpared are shown in Figure 4. A table of blast pexameters f
versus scaled distance from Reference 1 has been converted to metric units
mid presented in Appendix A for comparison with the following results.

A, TNT Results

The measured TNT blast parameters obtained from Test 6 and Test 7 are
listed in Table I in metric units. The average of values from Table I have
been listed in Table II and scaled to 1 kg. For ease in comparing the
average values with standard references, the results in Table I have also
been converted to English units, scaled to 1 poimd mass and listed in
Table III. The first three gage locations 0-1, 0-2, and 90-1 were not
instrumented after the first two tests because the bricks were blown out of
position causing gage damage and questionable results.

B. Pentolite Results

Presentation of the Pentolite blast parameters will be in the same
format as used for TNT. Measured data from Tests 2, 3, and 4 are listed
ii, Table IV. The average values of the results in Table IV have been scaled
to I kilogram and listed in Table V. The same values in English units have

been scaled to one pound mass and listed in Table VI.

C. Comparison of Arrival Times I
The arrival time of the blast wave at ,he gage stations along the

blast lines is a good indication of the symmetry of the blast wave as well
as differences in the yield of two explosives. Data listed in Tables II
and V are plotted in Figure 5. The only significant differences in arrival
times aoted in Figure 5 are at the first three stations where the average
arriva) times for the Pentolite tests are shorter than the average arrival
times for TA4T. This would imply a higher shock front velocity ald a higher
peak overpressure. At many of the stations the recorded values overlap.
At Station 90-S the TNT values of arrival time are 5.28 and 5.31 ms while
the Pentolite values are 5.24, 5.17, and 5.29 ms. This shows that the
values overlap, although the average value for TNT is greater than the
averago value for Pentolite. The solid line is plotted from values taken
from Reference 1. These values are listed in Table A-I of Appendix A.

D. Comparison of Peak Overpressures

2 The average peak overpressu, :-s recorded along the blast lines from the
TNT and Pentolite tests are listed in Tables II and V. The values from these
tables are plotted in Figure 6. The peak overpressures recorded at the first
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three stations plotted in Figure 6 show that the Pontolite tests gave higher
peak values than the TNT tests. Beyond the first three stations the trend
is not consistent. There are three stations where the measured peak over-
pressuro values overlap, three stations where the TNT values are higher, and
two stations where the Pentolite values of peak overpress:Lre are higher.

Also plotted in Figure 6 are the peak overpressure values versus scaled
distance, for TNT hemispheres tested over hard packed clay surface, taken
from Table A-I.

E. Comparison of Overpressure IMpulse

The overpressure impulse (I) as shown in Figure 4 is the area under the
overpressure versus time curve recorded at a specific station. Impulse
values or each test and each station are listed in Tables I and IV. The
average values from Tables I and IV have been scaled to 1 kg and listed in IIt •and V. These values have been plotted in Figure 7 where direct comparisons
can be iade. Of the twelve stations instrumented, nine recorded values thatoverlapped between the two explosives. At one station the TNT impulse valuewas higher and at two stations it was lower than the Pentolite impulse value.

Thd solid curve in Figure 7 is taken from Table A-I which was converted

from Reference 1.

F. Co2marison of Overpressure Duration

The duration of the overpressure pulse, t, as shown in Figure 4 is listed
for each shot in Tables I and IV. The average values were scaled to I kg
and are listed in Tables II and V. The scaled durations versus scaled dis-
tance are plotted in Figure 8 for the two explosives. Ten of the twelve
stations have values of t+ that overlap.

The scaled duration versus scaled distance plot has the same trend as
the standfyj plot with, e exception of the values between a scaled distance
of 1 m/kg to 2 m/kg . The measured values from these small charge tests
are lower at all stations except the first two. No reason is given for this
phenomenon.

G. Equivalent Mass Factors (EMF), Peak Overpressure-Distance

The TNT equivalency or the EMF of an explosive relative to TNT is defined
in this report as the mass (kg) of a hemispherical TNT charge required to
produce a specific blast parameter at a given distance as a 1 kg charge of
Pentolite.

1 kg Pentolite = EMF (1 kg TNT)

Assuming that cube root scaling applies, the equivalent mass factor based on
peak overpressure can be determined by selecting the mean peak overpressure,
Pp, for Pentolite at a mean scaled distance D from Table V. Then from an
expanded plot of peak overpressure versus scalgd distance for TNT, from Table
II, a scaled distance (D ) at which the same peak over~ressure occurs for 1W
is obtained. The equivalent weight factor EMP=(Dp/DT) These values are

S ( 1697
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listed in Table VII. The peak overpressures used for this EF detormination
were from 2080 kPa (302 psi) down to 5.48 kPa (0.795 psi). The equivalent
mass factors listed in Table VII are plotted in Figure 9 as a function of
scaled distance. The average value for the range considered is 1.11, which
is slightly less than the accepted value of 1.17 published in Reference 2 for
free-air TNT equivalency of Pentolite.

Calculations were also made to determine the BM of Pentolite compared
to the standarl TNT hemispherical surface burst data from Reference 1. These
EMP's (DI/D ) are listed in Column 6 of Table VII. The mean value of the
Flast ning sfations is 1.08. This is smaller than determined for the TNT and
Pentolite tested over sand. The values in Table VI1 Pre plotted in Figure
10 as a function of scaled distance.

A third equivalent weight factor of interest was the comparison of the
TNT hemispherical charge tested over sand and the large scale TNT charges
fired over hard packed clay. These EIF's are listed in column seven of Table
VII. The mean value of 0.97 based on the last nine stations means that 0.97
kg of TNT detonated over hardpacked clay would give the same average peak
overpressures as I kg detonated over sand. The values of EHF from column
seven of Table VII are plotted in Figure 11.
IH. Equivalent Mass Factors (E_ ). Impulse-Distance

The determination of the EMF for Pentolite based on overpressure impulse
(I ) is one of the objectivez of this project. Since the impulse and dis-
ta;Rce are both scaled by the cube root of the mass, of tl-e explosive, the

following approach was taken. A ratio of the Pentolite impulse I P and the
scaled distance (Dp) from Table V is calculated. A reference T'T impulse
(I ) verses scaled distance (D ) curve based on data from Table II is then

Iserched to find an equal rati5 of impulse IT and distance D . The distance
(D ) at which a ratio equal to the reference ratio is determjied is then
usLd as in the previous section to determine EMP from (Dp/9R) . The results
of these calculations are listed in Table VIII. The EMF delermined from the
impulse-distance values are plotted in Figure 9. The average EMF determined
from the last nine stations is 1.07, which is less than the value of 1.15
published in Reference 2 for free-air TNT equivalency of Pentolite.

Pentolite charges are usually used at the BUL for model tests, to
simulate blast propogation and structure loading, although TNT is the usual

_ •Iexplosive source on a full-size test. Therefore it is of interest to de-
termine the TNT equivalency of Pentclite and the standard curve from Ref-
erence 1. The previously described method was used and the EMIF's are listed
in column 9 of Table VIII. The mean value of 0.80 based on the last nine
stations implies that it would require only 0.80 kg of TNT detonated over a
hard packed surface to produce the impulse that 1 kg of Pentolite would pro-
duce when detonated over sand. EMP values from Table VIII are plotted in
Figure 10.

The third comparison to be made is the TNT hemisphere detonated over
sand and one detonated over hard packed clay. In Figure 7 it can be seen
that the scaled impulses versus scaled distance for TNT hemispherical charges
fired over a sand base are in general lower than the values based on data
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frOM l.-ge sUale t*Atl fired over a hard packed clay base. The etivalenit
weight fuctoi can be eewA in Table IX where tho data recorded ftu* this series
of tests 4re compared with datL compiled frOm la:Ze aO w TNT tests rangiaN
from 4S56 to 453590 kg. The mean vglue of the HW's based on the last nine
stations it (1.80 which implios that a 0.80 kg TWT hestspharo fired ovor hariA
packed clay would produce the same impulse as I kg fired over hutr 1,cked sand.

t. teak overpressure vwrshc s Lite Ct 0.8 kisons

As mentioaeW in the preceeding text, many of the statians had peak over-
pressure values thnt overlapped bitween the IWT and Pentolite tests. This
sctiwl will Preseut some selected records frou, specific stations to illustrate
the similar.ti.s between the detunation of a TNT hemisphere and a Pentolite
hemispbere. on a sand bass.

I. TNT v. Pentolite, Station 0-3. A comparison of the overpressure versus
tiine r¢' preited in Figure 12 to show the similarity
between the two explosives at a distance of 0.24Gm.

"2. TNT vs Pantolite Station, 90-2, In Figure 13 a comparison is px3-
reated -o iaha Their.larity in the overpressurv ¢ersus time recorded

at a 0.4 1•'m horizontal distance.

3. Pentolite Vs Pentolite, 90-2. At some stations there was a greater
variation-i-•e J r,,peat tests wA ith-'e same explosive than between different
explosives. This is shown in Figure 14 where the overpressure versus time
from Shot 2 and Shot 4 both Pentolixe tests, ,re presented. Similar diff-
erences are a0so evident when comparing two TWT tests especially at the close-
in stations.

"'M1T vs Pentr+i*eztntion 90-5. At a distanrre of 3.72m the test re-

I pest .: exjo "iiand the similarity of the two different
explL ±yes shown in Figure .i. The primary difference is in the time of
arrival of the second shock. FroL. Tabi n IV the values of peak. over-
pressure and impulse listed for Statikn 9u- •, .- the £e.cellent correlation
between the two explosives as well as the re.ea?'.ui1ity of the same explosive.

IV. DISCUSSION AND CONCLUSIONS

The data presented in the Results section and the calculated equivalent
mass factors are based on a 1rery limited number of tests. Therefore, some of
the conclusions presented could change if larger samples were available to
analyze.

A. TNT vs Pentolite over Sand

One of the primary objectives of this report was to determine the TNT,
ERF for Pentolite hemispheres detonated on a sand base. The resultf of these
tests are that it would require 1.11 kg of TNT to produce the blast over-
pressure from 1.0 kg Pentolite.

--. 'J
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The TNT ENF for Pentolito based on impulse-distance criteria was de-
termined to bo 1.07. The scaled overpressure impulse versus scaled dis-
tance presented in Figure 7 show a very goot correl&tion between the two
explosives but the detailed analysis indicates a mean difference of * four
(4) percent..

B. Fintolite over Sand vs TNT over Clay

The TNT blast parameters for hemispherical charges tested over clay as
presented in Reference 1 are used as a standard for DDESB quantity-distance
criteýia. Pentolite hemispheres are used for model studies conducted over
a sand base at the BRL and therefore it is necessary to establish the equiva-
lent mass factors for these conditions. From Table VII it was established
that the TNT (standard) EMF for Pentolite based on a peak overpressure
criterion is 1.08, but based on an impulse criteria it is 0.80. This means
that 1.08 kg of TNT on a clay surface would simulate 1.0 kg of PentoliteI
(peak overpressure) Gn sand but that it would require only 0.,80 kg TNT on
clay to simulate 1.0 kg of Pentolite (impulse) on sand.

70
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LIST OF SYMBOLS

D P distance from Pentolite charge

DT distance from TNT charge (
EMF equivalent mass f?.ctor

Ip impulse from Pentolite charge

IS impulse from Standard TNT curve

I T impulse from TNT charge

P peak overpressure from Pentolite charge

PS peak overpressure from Standard TNT curve

PT peak overpressure from TNT charge

ta shock arrival time

t + blast wave positive duration

1/3x scaled distance, m/kg1/ Standard TNT Table

"ii1m
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... . . .
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Figure 3.TNT booster configurations.
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Figure 4. mcasured blast parameters.
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lFigure 6. Peak overpressure ver:sts scaled di,;tance for TNT
• and Pentolite hemristhwiical chargl's.
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Figure 12. Comparison of TNT and Pentolite at Station 0-3.
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Figure 13. comparison of TNT and Pentolite at Station 90-2.
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Figure 14. Comparison of Pentolite versus Pentolite at Station 90-2.
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APPENDIX A. Data Tables for Large Scale TNT Hemispheres
Detonated over a Clay Surface
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TABLE A-1. TNT BLAST PARAM4ETERS VERSUS SCALED DISTANCE

A AP t t+

nm/kg 113  kPa as/kg11 3  as/kg1/3 kPa-us/kg/ 3

*t

7934-01 4793 5 1242-01 -----

9918-01 3860 S 1561-01 -----

1190 3188 S 1914-01 -----

1388 2687 5 2298-01 -..---

1587 2304 5 2716-01 ..........

1785 2002 5 3164-01 256

1984 1760 S 3642-01 246 379 3

2182 1561 S 4151-01 238 326 3

2380 1394 S 4690-01 232 288 3

2579 1253 5 5257-01 227 260 3

2777 1134 5 5854-01 223 240 3

2975 1032 S 6479-01 221 222 3

3194 9432 4 7131-01 221 209 3

3372 8655 4 7812-01 223 200 3

3570 7977 4 8520-01 224 192 3

3769 7377 4 9257-,01 227 186 3

3967 6850 4 1002 232 179 3

4364 5931 4 1163 247 173 3

4760 5201 4 1370 271 170 3

S157 4604 4 1517 299 166 3

5554 4084 4 1710 333 165 3

5950 3678 4 1913 375 167 3

6347 3297 4 2126 424 170 3

6744 2980 4 2351 488 172 3

7141 2702 4 2587 560 179 3

7537 2441 4 2836 664 188 3

* 7934-01 = .07934 4793 5 = 47930
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TABLE A-1. TNT BLAST PARAMETERS VERSUS SCALED DISTANCJE (Cont'd)

APs ta t+

m/kg1/ 3  kPa ms/kg 1 3  ms/kgI/ 3  kPa-ms/kg 1 5

7934 2211 4 3095 788 201 3

8727 1813 4 3651 113 1 216 3

9521 1503 4 4258 154 1 238 3

1031 1 1264 4 4918 186 1 236 3

1111 1 1074 4 5628 207 1 225 3

1190 1 9218 3 6392 216 1 214 3

1289 1 7701 3 7419 221 1 201 3

1388 1 6507 3 8525 221 1 189 3

1488 1 5560 3 9709 217 1 178 3

1587 1 4797 3 1097 1 210 1 166 3

1785 1 3665 3 1371 1 206 1 149 3

1984 1 2885 3 1672 1 204 1 135 3

2182 1 2328 3 1999 1 210 1 124 3

2380 1 1918 3 2348 1 221 1 115 3

2579 1 1609 3 2717 1 238 1 107 3

2777 1 1371 3 3105 1 262 1 996 2

2975 1 1184 3 3510 1 281 1 933 2

3174 1 1035 3 3929 1 298 1 884 2

3372 1 9122 2 4360 1 311 1 839 2

3570 1 8150 2 4804 1 323 1 799 2

3769 1 7302 2 5256 1 333 1 758 2

3967 1 6629 2 5720 1 341 1 727 2

4364 1 5536 2 6668 1 355 1 668 2

4760 1 4706 2 7640 1 368 1 615 2

5157 1 4082 2 8635 1 381 1 519 2

5554 1 3576 2 9645 1 392 1 538 2
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TABLE A-1. TNT BLAST PARAMETERS VERSUS SCALED DISTANCE (Cont'd)
• "•mAPs t t +I

A's ta +a

m/kg1/ 3  kPa mg/kg1/ 3  ms/kg1/ 3  kPa-ms/kg1/3

59S1 1 3216 2 1067 2 402 1 507 2

S6347 1 2880 2 1171 2 414 1 480 2
6744 1 2618 2 1276 2 421 1 449 2
7141 1 2405 2 1381 2 431 1 428 2

7S37 1 2212 2 1488 2 439 1 406 2

7934 1 20S7 2 1596 2 445 1 386 2

8727 1 1790 2 1812 2 458 1 352 2

9521 1 1585 2 2031 2 474 1 325 2

1031 2 1421 2 2250 2 484 1 300 2
1111 2 1287 2 2471 2 496 1 280 2.

1190 2 1176 2 2694 2 508 1 263 2

1289 2 1060 2 2972 2 519 1 243 2

1388 2 9632 1 3252 2 531 1 225 2

1488 2 8818 1 3532 2 544 1 213 2

1587 2 8122 1 3815 2 552 1 198 2

1785 2 6998 1 4380 2 573 1 178 2

1984 2 6120 1 4948 2 592 1 161 2

2182 2 5417 1 5517 2 607 1 146 2

2380 2 4842 1 6088 2 622 1 134 2

2579 2 4363 1 6660 2 634 1 124 2

2777 2 39S9 1 7234 2 648 1 115 2

22975 2 3600 1 7808 2 661 1 108 2

3174 2 3288 1 8382 2 674 1 101 2

3570 2 2786 1 9534 2 694 1 848 1

3967 2 2402 1 1069 3 710 1 803 1

4364 2 2101 1 1184 3 729 1 722 1

4760 2 1856 1 1300 3 749 1 660 1
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TABLE A-I. TNT BLAST PARAMETERS VERSUS SCALED DISTANCE (Cont'd)

xm APs t Is (I

m/kg1/ 3  kPa m/kg 1 / 3  m/kg 1 / 3  kPa-ms/kg1 /53

5157 2 1658 1 1415 2 762 1 606 1

5554 2 1491 1 1531 3 775 1 561 1

5951 2 1358 1 1647 3 788 1 '525 1
6347 2 1236 1 1764 3 801 1 489 1

6744 2 1136 1 1880 3 814 1 455 1

7141 2 1050 1 1996 3 824 1 431 1

7537 2 9715 2112 3 835 1 405 1
7934 2 9060 2228 3 845 1 381 1

8727 2 7912 2461 3 859 1 344 1

9521 2 7005 2693 3 876 1 315 1

1031 3 6260 2926 3 892 1 288 1

1110 3 5645 3159 3 907 1 267 1
S1190 3 S123 3390 3 922 1 2471

1289 3 4578 3682 3 927 1 226 1
1388 3 4123 3972 3 957 1 209 1

1487 3 3744 4264 3 966 1 195 1

1587 3 3420 ,556 3 983 1 180 1

1785 3 2896 5138 3 101 2 160 1

1984 3 4496 5720 3 103 2 ------

2182 3 2186 6303 3 !05 2
2380 3 1931 6884 3 107 2

2579 3 1724 7468 3 .......

2777 3 1558 8050 3

3174 3 1289 9217 3 ......

3570 3 1089 1038 4

3967 3 9446-01 1155 4 --.--...

3.770
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AN OL••TXL-iN- 8I=l PWOPLJANT

Dr. D.ýC. Sayles
[ U.8. Army lallistic Missile Defense Advauced Tcbehloay Center

P.O. Dox 100
Utaatsivlle, AL 35W07

\\ This report summarises the data collected as a result of the analyses

i of an explosion that occurred in a propellant development laboratory. The

O explosion occurred while the operators were weighing out some of the

0 ingredients so that they could be compounded into an ultrahigh-burning-rate

solid propellant. The incident resulted in inflicting serious injuries to one

S 'operator and minor injuries to the second operator. There was also minor

aC •damage done to the building. The material that must have exploded, and

produced these damages and injuries, was, as a result of the post-explosion

-, investigation, blamed on a recently synthesized chemical, 1,3-diazido-2-

nitrazapropane (DANP), whose chemical formula is: ,02N.N.(CH2N3)2.

SThe post-accident investigation concluded that there was no evidence

* that the explosion had resulted from an error wherein the DANP was mixed with

an incompatible material, but it was not possible to positively identify what

was actually responsible for initiating the detonation. Several scenarios

wtre postulated that might have been the nause, the most probable of which was

that the bottle containing the DANP had been knocked over, and this shock had

caused the DANP to detonate

o\
Following the explosion, an investigative team was assembled whose

objective was to pinpoint the cause of the explosion. The topics that were

addressed are listed in Table I and are discussed in this paper.

1727
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TABLE 1. DISCUSSION TOPICS

Injuries/Damages Sustained

Laboratory Layout

Operations in Process Preceding the Explosion

Ingredients in Locale of Explosion Site

Compatibility Tests

Sensitivity Tests - Effect of Impurities

Scenarios of Possible Causes of the Detonation

Photographs

Conclusions

Recommendat ion

INJURIES/DAMAGES SUSTAINED

The procedure employed in preparing the propellant mix consisted of

weighing out the dry solids (ammonium perchlorate, ultrafine monium per-

chlorate, aluminum) at the solids weigh bench by one operator, while the other

operator brought in the DANP flask from the dry box in the next room and

weighed out the binder ingredients first and then the DANP. He had apparently

finished weighing out the R-18 into the plastic beaker on the torsion balance

and reset the tare for DANP addition when the explosion occurre6. The beaker,

although split by the explosion, was recovered, and an infrared analysis

showed that it had contained no DAMP, only R-18.

The following damages were sustained (Table 2):

I An approximately circular hole was punched through the

workbench at the position where the flask containing the

DAMP probably had been placed. The force of the explosion

drove the metal drawer to the floor and sheared off and

burned the edges of the metal drawer guides.

1728 ( ')
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TABLE 2. DAMAGES SUSTAINED AS A RESULT OF THE EXPLOSION

Building

Minor

Workbench

Circular hole punched in bench top

Metal drawer torn and pushed to floor

Operator

Left glove torn and pitted

Right glove unmarked

Safety glasses broken at nosepiece

Lens bloodstained

t First finger of left hand injured

Forehead injured

Palm of left hand untouched

Riqht hand uninjured

* The left glove of Operator No. I (who is left-handed)

showed tears and pits at the thumb and first finger and

pitting across the back of the glove. The palm of the

glove was undamaged. The right-hand glove was unmarked.

The o.perator's first finger of the left hand had been muti-

lated. The operator had also sustained considerable frag-

ment injuries at about eyebrow level. His right hand was

uninjured.

* The operator's safety glasses had been broken at the nose-

piece by a tearing action that had come from the left side.

Some pitting of the left top of the plastic rim of his

1729
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glasses had occurred. Th. leas bed not been pittie but was

zoverod with blood. Q}
* Although the torsion balance had been thrown to the floor

and was found resting inside the damaged drawer, it

appeared to have been struck from the right si'e, almost

laterally, at about I in. above its base. There was also

considerable pitting of the balance's metal frame,

apparently by flying glass fragments.

s A Plexiglas tube whose dimensions were 4 in. O.D. by 10

in. long with a 0.25-in, wall thickness, which was used as

a casting sleeve and was usually kept on the bench beside

the Carver press, showed pressurization-fractured fragments

of the type resulting from shock loading.

LABORATORY LAYOUT

The building was of two-room construction, and apparently multi-

functional in design. In the first bay were two workbenches positioned

against the walls. They had laminated wood tops, approximately 7/8 in. thick,

supported by light steel frame legs, with two lightweight stee) drawers in

each. The tabletops were covered with Veloatat. The floor was of aluminum

plate. A vertical mixer was located by the wall next to the workbench that

was used to weigh out the solid ingredients. A storage cabinet wes located

against the far wall.

The laboratory layout is depicted in Figure 1.

OPERATIONS IN PROCESS PRECEDING THE EXPLOSION

Operation in Process

Two operators were in the building when the incident occurred. The

operators had completed making one mix and had cleaned the equipment. They

1730 0
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FIGURE 1. BUILDING LAYOUT WHERE EXPLOSION OCCURRED

were weighing the materials for the second mix. Operator No. I was responb i-

ble for weighiug the solid ingredients (aluminum, ultrafine amonium perchlor-

ate, and +170 mesh anmonium perchlorate). His back was to Operator Nc. 2v

who was responsible for weighing the liquid binder ingredients (R-18, a

polyester binder, and DANP, a liquid plasticizer). The incident occurred

during these operations.

Weighing Procedures

In weighing out the propellent ingredients, two employees were

involved. One operator weighed out the dry ingredients while the operator

weighed out the liquid ingredients. The procedure for weighing liquids used

.in this operation consisted of: a beaker was tared on the torsion balance,

and then the R-18 was weighed out into the beaker. The DANP was usually
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brought in from the dry box in a 50-mi, round-bottom, standard-type flask

fitted with a tapered plastic stopper. The flask was usually kept in a

plastic beaker so that it would unot tip over. Sometimes a cork ring vas used.

Transfer from the round-bottom flask to the tared beaker was done by dis-

posable $lass eyedropper.

The operator had apparently finished weighing outt the R-18 into the

plastic beaker on the torsion balance and reset the tare for the DANP addition

when the explosion took place.

A plastic beaker still containing R-18 was found in the debris, the

beaker had been cracked, and a small fragment was missing from it. It weighed

7.4 g, and the log book showed a tare weight of 7.50 g. Apparently no DANP

had been weighed into the beaker. In an effort to estimate the amount of DANP

that could have been on the workbench, an inventory of the DANP that had been

prepared throughout the program was made. It was concluded that there were

about 136 g of DANP on the workbench at the time of the explosion.

When Operator No. 2's condition permitted, he was interviewed by the

investigative team. He stated that he had been preparing to weigh the

required amount of DANP into the beaker, which already contained the R-18. He

had the medicine dropper in his left hand, and had just turned his head to the

right to verify the required weight in the logbook when the explosion

occurred.

The operators' statements were corroborated by the following physical

evidences

o The logbook showed tare, net$ and gross weight for the

materials.
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* The mixture of aluminum and mmonium ptrchlorsato we&, toud

spilled near one of the balances at the site, and the

balance had been set at the weight noted in the logbook.

EGnZIER llU LWATl OCF WLW8IK SITS

The propellant ingredients in the locale at the time of the explosion

and their location after the explosion are presented in Table 3. Their

chemical formulae are depicted in Figure 2.

TABLE 3. CONDITIONS/LOCATIONS OF PROPELLANT
INGREDIENTS INVOLVED IN THE

INGREDIENT CONDITIONS/LOCATION

Ultrafine Ammonium Perchlorate Still in unbroken container

170 Mesh Amonlum Perchlorate Still in unbroken container

4,5-epoxycyclohexylmethyl 4',5'-epoxy- Still in unbroken container
cyclohexylcarboxy late

I ( Carboranylmethyl Propionate Still in unbroken container

HMX Still in unbroken container

1,3,6-hexanetriol Still in unbroken container

.1 Nitrodiphenylamine Still in unbroken container

ToluenediIsocyanate Still in unbroken container

4 Aluminum Powder Spilled on floor

R-18 Spilled on bench top, floor,
plastic beaker

1,3-bis(fluoronitroethoxy)-2,2-bis(fluoro- Spilled in and around aaminopropane) broken glass flask

Ethyl acrylate/1,3-bis(fluoronitraethoxy)-- Found in an intact glass
2,2,-bls(fluoroaminopropane) flask on the floor
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FIGURE 2. STRUCTURAL FORMULAS OF PROPELLAN~T INGREDIENTS
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CONPATIBILITY TISTS

A seriae of compatibility tests were run on pure DANP and on DAMP that

contained its usual impurities, which had infrared absorptions at 5.8 and

6.1 Um. These materials showed no visual changes and no temperature

excursions when mixed with the following propellant ingredients:

Anmonium perchlorate

Aluminum

1,3,6-hexanetriol

Toluenediisocyanate

ERL-4221

Carboranylmethyl propionate.

The conclusion from these compatibility tests was that any of the other usual

propellant ingredients did not contribute to the detonation.

SENSITIVITY TESTS - EFFECT OF IMPURITIES

Earlier studies of DANP had shown that it typically contained two

impurities, which were recognized by infrared spectroscopy since the

impurities showed absorptions at 5.8 and 6.1 pm. Analyses were made to

determine whether these impurities affected the sensitivity of the DAMP.

Impact and Differential Thermal Analysis (DTA) studies showed that there was

no significant difference in the sensitivity of the pure and impure DAMP. The

results of the impact and DTA are presented in Table 4.

SCENARIOS OF POSSIBLE CAUSES OF THE DETONATION

The following scenarios depict the different circumstances that could

have led to the detonation (Figure 3).
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TABLE 4. SENSITIVITY TESTING OF DANP

IMPACT ONSET PEAK
DANP SAMPLE (in-lb) (oc) (oc)

Purified 4 157 165

6.1-um Impurity 6 170 195

5.8-tro + 6.1-prm Impurity 4 152 174

SCENARIO 1
OPERATOR'S LUCITE OANPW
SLEEVE i 2 TUBE C=> CONTAINING C==> EXPLOSION

ROUND-
BOTTOM
GLASS
FLASK

SCENARIO 2

DANP- FLASK'S
CONTAINING NECK
ROUND- E STRUCK C22> EXPLOSION
BOTTOM BEAKER'S
GLASS RIM
FLASK

SCENARIO 3

OANP CONTAMINATED
FROM PREVIOUS

C===:> SAMPLE C:> EXPLOSION
WITHDRAWALS

SCENARIO 4

LABORATORY LUCITE DAMP-
COAT CYLINDER CONTAINING
DISLODGED C'- ' Z GLAS IZZ> EXPLOSION
FROM FLASK
PRESS

FIGURE 3. SCENARIOS OF POSSIBLE CAUSES OF THE DETONATION

Scenario 1

When the operator had finished weighing out the R-18, but before

handling the DANP, he could have reached toward the back of the workbench for

some item. In this action, his sleeve could have knocked over the Lucite
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tube, which then struck the glass flask containing the DANP and caused it to

explode.

Scenario 2

In preparing to add the DANP, the operator could have moved the beaker

in which the DANP-containing round-bottom flask was being stored. The flask,

being in an unstable position, could have slid around on its bottom, and its

neck struck the beaker's rim. The shock of this impact could have initiated

the DANP explosion.

Scenario 3

The DANP's sensitivity could have been increased as a result of con-

tamination from the previous withdrawals of sample(s). This could have made

the DANP extremely sensitive.

Scenario 4

The operator's laboratory coat could have become dislodged from the

f Carver press. Its pockets contained various tools, spatulas, etc. The loaded

coat could have slipped off. This could have been the "something that fell"

that the operator recalled as having taken place and could have set up the

chain of events that knocked over the Lucite cylinder.

A series of photographs were taken depicting the extent and magnitude

of the damage produced by a quantity of DANP estimated to have weighed 136 g.

PHOTO DESCRIPTION

SI A view of the damage at a position approximately

midway between the two operators

2 Another view of the damage from a different

angle
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3 Another view of the damage taken from a dif-

ferent angle

4 Another view of the damage taken from a dif-

ferent angle

5 A broad view of the damage to the workbench,

cabinet, bottles of chemicals, etc.

6 A closeup view of the damage to the workbench

7 A view of the notes and the logbook that were

located on the table to the right of the work-

bench

8 A view of the ceiling lights showing the damage

to only one bulb and the enclosure

9 A view of the storage cabinet located beside the

operator before the explosion

10 A view of the damage to the storage cabinet by

the explosion

CONCLUSIOmS

A list of the conclusions as to the cause of the explosion appears in

Table 5, followed by a brief summary of each.

TABLE 5. CONCLUSIONS AS TO THE CAUSE OF THE DETONATION

1) DANP detonated

2) Incompatible material did not rause the detonation

3) An external force was involved

4) Uncertain as to what produced the initiating impact

5) Operators were aware of DANP's sensitivity
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There appears to be no doubt that DAMP was the material

that detonated. A quantity of DANP of approximately 136 g

cannot be accounted for, while all of the other materials

used in the immediate and in three prior mixing operations

had been accounted for.

* It also appears that were the DANP inadvertently mixed with

an incompatible material, it did not bring about the

initiation of the detonation. This conclusion is supported

by the compatibility tests.

o Although DANP was among the more impact-sensitive new

potential propellant ingredients used in the development of

these high-energy propellants, the impact required to

initiate it (in the range of 4 to 6 in-lb) appears to bei such that some external shock had to be applied to the con-

Al tainer to cause the explosion.

* The method by which the impact was imparted is uncertain.

What is known is that the Lucite cyliader (part of the pro-

pellant vacuum casting equipment), measuring 4 in. in dia-

meter by 10 in. long, with 0.25-in. wall thickness, was

standing on the workbench close to the bottle of DANP. The

bottle was adjacent to a metal balance. The cylinder may

have been jarred and fallen against the DANP bottle. This

impact may have been sufficient to initiate the explosion,

or one of the bottles may have fallen and struck the

balance.

CII 1739
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* Both operators were aware of the impact sensitivity of (i

DANP, and it is unlikely that careless handling of the

material could have been involved.

A general recouw1endation on the handling of any liquid propellant

ingredient is presented in Figure 4. Before it is handled, it should be

diluted.

IF HANDLING SAFETY DATA ON NOVEL LIQUID-PROPELLANT INGREDIENTS ARE

NOT AVAILABLE, THEY SHOULD BE HANDLED ONLY WHEN DILUTED TO A HEAT

or FORMATION VALUE OF LESS THAN THAT NECESSARY TO CAUSE DETONATION

(<500 cal/g).

FIGURE 4. RECOMMENDATION
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THE NAWS E ..IV. ...E ...D./I.IDW. DAUM .(AID)

\ ! AID is the acronym for accident/incident databank. AID contains

descriptions of naval explosive ordnance accidents, incidents, major and minor

malfunctions and dangerous defects..-_Fnrthe remainder of this paper these

terms will be referred to as explosive misa. AID is a key word type

databank. This means that key words are selected which characterize the

event. These wrds are then entered into the AID ccqmter program, and

retrieval is accoplished through use of these key words(.

For example, if a SIDEINDER missile fell off an P-4 aircraft during

arrested landing on board the Carrier KENNEDY, CYA 67, the key words selected

would be: SIDq ER, its national stock numter; arrested landing; F-4;

aircraft; CVA 67; the year, the month and the day of the mishap; etc. Entry

of SMINM into the search program would retrieve the mishap description

for this specific mishap and all others where the word wSIDEII•ER" had been

entered. Entry of PSDE=INDER and arrested landing would limit the printout

* to retrieval of only those descriptions where "SIDMEIINDR" and arrested

landing had been entered.

Wen a fleet or shore activity has an explosive mishap, it mist be

reported in accordance with one of several series of instructions: OHAVINT.1 5102.1; OPNAVINST 4790.2; or sauw miscellaneous instructions (i.e., primarily

soome transportation instructions). In the past, many mishap descriptions in

AID were reported in accordance with NAVIM/1SEAINS 8025.1 which has been

cancelled. The Naval Surface Weapons Center (NSK) is a recipient of the

reports sub•itted in accordance with these instructions.

Let us review some of the early history of AID. It was established in 1963

as a library retrieval program to support the system safety engineering
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effort at N. which was then the Naval Weapons Laboratory. &gineers used

the databank as a corporate memory for mishaps that had occurred with various

weapon systems for wiich a system safety effort existed. Although it

is still used for that pirpose, through the years it has become, and is being

used more and more as a statistical data base. Because of this application,

it has been necessary to restructure AID. This restructuring has been, and

will be a continuing process. As of 30 June 1982, there were 14,187 explosive

mishap descriptions in AID. This databank is sponsored by the Safety Office

of the Naval Sea Systems Command.II will now discuss the uses of ArD by people other than our division

• i pernonel. Upon request, we provide printouts to Naval and other DMD

activities that have a need for explosive ordnance mishap data. This service

Sis also provided (when approved by our sponsor) to other government agencies.

Upon request for a printout, the requestor is questioned about his need

* for the printout. This is not done to put the requestor on the spot.

Rather, it is done to help to tailor the search to his needs. Frequently, we

I find that what the requestor thinks he wants, or asks for, is only part of

what he needs. Armed with our knowledge of the contents of AID and deeper

insight into the needs of the requestor, we are able to provide detailed

printouts which make it easier. for the requestor to solve his problems.

Generally, we can provide descriptions of mishaps involving any naval

weapon system, type of event, logistic phase, ship or activity nme, lot

and/or serial number of involved ordnance, cause, or any combiniation of these

descriptions. Hiever, our capabilities are not limited to these modes of

searches. The beet approach for a requestor, is to explain his problem and

i !let us, together with the requestor, decide what information to retrieve from

I f 7 the databank.
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AID Printouts are used for a variety of reasons by users other than

our divisio, personnel. In the past, AID data have been used in the ( i
develop•ent of mathematical models, for simple a shipboard fire spread model.

AID data were also used in a weapon-aircraft compatability study. And thest

data are routinely used in preparing damilling Standard Operating Procedures

(SOPs), for stand-up safety briefings and for ascertaining lot history of

ammunition. Figure I shows an example of a mishap description, exactly as it

appears in an AID printout.

Every quarter, reports of mishapa that occurred during that period of

timre are sent to activities in the Naval and other DMX explosive safety

ccouunity. In addition to the descriptions of new mishaps adde, to the

databenk, the quarterly report contains statistical tables which show the

death and injury distribution by the quarter since 1963. These tables also

show the distribution of mishaps according to lonations such as shipboard,

ashore and inflight, and the distribution of mishaps over employr.znt modes

such as production, transportation, handling, loading, storage, etc.

Accident/incident briefs are also published every quarter. These briefs

are highly structured. First, the generic description of the hardware is

given, for example, CAWs, bombs, projectiles, etc. Next, the specific

designation of the hardware is given. This hardware description then becomes

the subject of a sentence. The predicate of this sentence is an answer to

the question, "What happened to the herdware"? The carpufer then alphabetizes

the briefs so that all problems with a specific system are grouped together.

Through use of these briefs, the user is able to review massive amounts of

data in a short time. If the user needs additional information about a

specific item in the bi ifs, he provides us with the number et the left hand

side of the brief so that. we may furnish him with the cuoplete mishap report

for this item.
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Another to* of the data in AMD by people sxterrae to our division, In to

prepare Ordnance Alert Bulletins (O&fs). Wsen a significant *vent or trend

occurs that points to an unsafe situation, all ships or activitit• involved in

a siatlar situation are warned of the hazardous conditon, and are trovi6ad

with recomwiations as to how to eliednate/reduce the hazard or minimise its

conseqjenes.

Couter generated histograms provide still another means to present

summaries of mishap data. Figures 2 and 3 show exaples of histograms.

These histograms show the frequency of drops for each drop height In feet.

The agenLc of drop is shown at the top of each histogram-

Relative to the uses of mishap data by our division personnel, we provide

support to the systems safety engineering efforts performed by the other two

branches in our division. Within our own bvanch, we have used AID data in

many technical safety studies. These studies include the estimation of the

probability of inadvertent ignition of a rocket motor in a magazine, the (.

effectiveness of wet versus dry sprinkler systems, a nor"aruetric analysis of

the effects of months and years on mishap rates, the estimation of the

probability of a fatal accident, a forklift safety study, and a naval shore

magazine accident probability study.

Another use of AID data is to provide the numerator for the calculation of

accident rates. The denwdnator Is obtained from expenditure data collected

by the Ships Parts Control Center, Mechanicaburg, Pennsylvania.

AID data is also used in making risk assessments relative to scenarios

involving explosive ordnance. An example of a recent application of this type

of use is our effort relative to Quantity Distance (OD) arcs.

We have made, are making, and will continue to make improvements in AID.

In the recent past, we have prepared more definitive guidelines for selecting
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ft~daescriptors. (ie of Mhe proble with urW dste system Is the sub**cIvity

with wich data are odd. uielines no be vry definitive to insure

that two peapl coding the m ishap will pro W the m results.

ftrough the yeart, nW meinglem and spurious descriptors hme crp

into AID. These useless d1scriptors oonfuse the persomnel setting up the

search logic. Also, thas deasiptor. are excess baggage and because of

their great rmii.r camnot be tolerated. Use of these definitive guidelines

that we have created has eliminated mwy of these descriptors.

One of the most useful i-rovements in AID is the incorporation of Boolean

logic in the search program. This search logic allow decriptors to be

wanded"V, "ored" and "noted" together, and grouped in nested parentheses as

~required.o

Another useful -- owvmnmt is the declassification of mishap reports

to the maxi~m= extent possible. Tn add~ition to declasification, all

printouts from AMD have a section with sufficient unclassified information to

provide the user with the pertinent fact•s involved in the mishap. Each

unclassified report has a confidential supplement containing the classified

details. Thus, the user can read the confidential supplement, properly secure

it, and then work only with the unclassified section. Some nLprovements have

also been made tn efficiency, primarily in program and data entry. One

example is the conversion of AM programs to random access with an inverted

file. A improvemant in data entry deals with modifying the program to permit

selection of many descriptors from the report text.

Improvements presently in progress involve two areas. We are developing

an o-line search capability which will enable data retrieval in minutes or

hours instead of days. Also, we are adding an executive sumwary of follow-on

actions. This umary is designed to generalize the follow-on actions for a
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m~igwai al rviui. *mmem, it will not prudd aln the detadil at *~at is

being done to reiwlys a problow. I% am provtfe the w.er with the deauils of

do"u actiona if rs~aested.

More lu42ovents are planned for the futurea. No have dmvlqped a qisim

of coding rqiocts called mntologyw. Sventology is designed to remov

subjectivity, so that boo people coding the amm. mishap will prodoc the amm

results.

Beginning with fiscal year 83, a statistical program will be prepared to

continuously monitor AMD. ?his peograim will autommtically point out when

there is a significant inr~ease in the number of mishaps associated with a

specific weapon systes or component.

The capability to do truncated searches is another improvement that will

be =afe during fiscal year 83 to permit searches of parts of descriptors.

If the cc-line search capability proves to be succesful, we may add an

on-line updating capability.

Pinally, as AID need. additional improvemimts to imeet users requirements,

we will do our best to meet these needs.
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An Accident Investigation Report

Wy name is Dove Skogen. I a the Senior Safety 'Viner n the afety
| Office of the HeIdquarters, US Army An-went Wateriel Rediness Commnd

(AWXN), located at Rock Islwnd, Illinois. Our mission As to provide
conventional amunition to the Army, Navy end Air Force. A large portion of
0this mission is accomplIshed at our subordinate Installations located
throughout the country. One of these Installations is Radford Army
himunition Plant located In Redford, Virginia.

present tion is concov*4.-th serious explosv Incident that occurred
at Redforq!n May l98lf(Figure . .J l-wl descrlSb tJZ process Involved,
the damage that was sustained, and then provide the results of the
investigation that followed this lncldents.- Our hope Is that by sthring this
Information, a similar incident may be preo ted somewhere else in the future.
The conclusions expressed during this prese, Iotion are my own and do not
represent the official position of the epert

At 1234 on 6 May 1981 a flash fire/explosion occtrred at the Nitrocellulose
(NW) Thermal Dehydration Building at Radford Army Amunition Plant. The
function of the thermal dehydration operation in this building was to
dehydrate NC and produce a low moisture, alcohol dmpened NC for use as a
base ingredient In the propellants produced at Radford (Figure 2). The NC
produced at this building was to have contained 3 percent or less water and
from 14 to 20 percent alcohol for a total volatile content of from 14 to 20
percent. These percentages will become more significant during the course of
this discussion. An NC slurry containing approximately 94 percent water was
received in this building and held In an 18,000 gallon fiberglass tank(.
equipped with a vertical agitator. The NC slurry was pumped to the thermal
dehy filter unit on the second floor. The dehy filter unit Is an endless
horizontal traveling belt type extractor. A vacuum system pulled heated a!r
through the WC cake and filter belt to dewater the NC. Just prior to exit
from the dehy unit, the NC cake was sprayed with chilled alcohol. When the
NC cake reached the end of the filter belt, it was broken up by a combiner
and fell approximately 2 feet onto a vibrating conveyor. The NC traveled
along the vibrating conveyor and passed beneath a moisture analyzer, an
alcohol analyzer, and a metal detector before dropping by chute to d
vibrating feeder-loader located on the first floor. The vibrating
feeder-loader automatically loaded 46 lbs of NC into plastic garbage can type
containers. After the container was filled and ejected from the filling
station, an operator placed a lid on the container. The container then moved
by conveyor to the end of the building where it was teMorarily stored or
placed on a powder van to be transferred to the succeeding operation.

A picture of the thermal dehydration building as It loLked before the
Incident is shown at Figure 3. rhe filter unit was located on the second
floor and the vibratory feeder-hopper station and conveyors were located on
the first rloor. The large slurry feed tank and alcohol tanks were located
on the opposite side of a reinforced concrete wall.
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This picture shows the thermal dehy building after the incident (Figure 4).
The walls and roof on the second floor were omplktely blown off and the
filter/extractor unit was damaged beyond recovery. The west wall on the
first floor did vent but was not completely blow out. It should be noted
that themijority of debris and freagents were found to the west and south of
the building which was to have been expected because of the concrete wells to
the north and east of the incident. The total cost of damage from this
incident was $1,415,762.

There were six people on the first floor of this building at the time of the
incident (Figure 5). Two of these people were not injured because they were
located in the control room and tank room, respectively, and these locations
were protected by reinforced concrete walls. Th four remaining people were
located in the can loading and weigh room. The severity of burns these
personnel received was basically dependent on their proximity to significant
quantities of NC and to an exit. Fortunately, no one was killed.

This incident Involved both the first floor can loading end weigh room and
the second floor extractor room (Figure 6). The first priority for this
investigation was therefore to determine, ir possible, whether the incident
initiated on the first floor and propagated to the second floor or vice
versa. This determination obviously simplifies the search for the specific
point of initiation and the cause of this initiation. It was also important
to determine by what media this incident was propagated. Propagation was
possible via the train of nitrocellulose itself, a flammable alcohol/air
mixture above the NC or a mixture of NC dust and alcohol vapor.

The investigation concluded that this incident most likely propagated via a
'flammable alcohol/air mixture (Figure 7). None of the personnel In this
building could recall hearing anything but a single sound. This indicated
that the propagation between floors must have been almost instantaneous.
Since it is known that an alcohol vapor/flame front, will travel at velocities
up to 2000 meters oer second, propagation via a flammable alcohol/air mixture
would indeed have been virtually instantaneous. Previous testing has shown
that the flame front velocity for a 1-inch bed depth of NC is 37 ft/sec. The
telemac/primac fire suppression system should have been flowing water within
150 to 200 milliseconds. Since the sprinkler system did activate and
oropagation occurred anyway, it was concluded that the propagation occurred

-(via alcohol vapor and not nitrocellulose.

The determination as tothe location of the initiation (first floor or
second) was much more difficult. None of the personnel involved could
positively indicate the direction of propagation and therefore the
investigation focussed primarily on physical evidence to make this
determination. The pictures that follow are of some of the physical evidence
used to help make this determination. I will briefly describe each picture
and the rationale used to support the final determination as to order of
propagation.
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The vibrating feeder/hopper In the -an loading and weigh room had a rubber
boot between the end of the chute from the second floor and the top o? the
hopper (Figure 8). This rubber boot was originally held in place by metal
bonds at the top and bottom. After the incident, the bottom band had been
torn off while the top band was intact. It was felt that this pattern of
damage tended to indicate that the reaction was travelling upward and this
supports propagation from the first floor to the second.

There was a cloth shroud at the end of the vibratory conveyor on the second
floor over the chute down to the can loading and weigh room (Figure 9).
After the incident, this shroud had been torn loose everywhere but on the
side near the east wall. If the incident had propagated from the second
floor to the first, it is reasonable to expect that the east side of this
shroud would have been torn off. Since it was not, this tends to indicate
that the direction of propagation was from the first floor to the second.

There was a considerable amount of unburned NC which has been splashed out of
the vibratory conveyor from the discharge end of the extractor (Figure 10).
It was felt that this splashing was caused by the activaton of the fire
suppression system. The fire suppression system in the extractor bay was
severely damaged and rendered inoperable by the explosion. Since the
extractor bay was the center of the most violent reaction, it was felt that
the fire suppression system would not have had time to activate If the
incident had initiated in the extractor bay. Since the fire suppression did
activate as indicated by the unburned NC splashed out of the conveyor, it was
felt that this indicated the path of propagation was from outside to inside
the extractor or from the first floor to the second.

The bolt studs on the east and west ends of the combiner showed a diagonally
upward shear pattern (Figure 11). This pattern indicates that the combiner
cover was pushed up by a force from below or that the explosive reaction
traveled up through the combiner from the discharge conveyor. This tended to
support the proposition that the initiation occurred on the first floor and
propagated to the second.

The physical evidence I've just discussed all supports the conclusion that
the incident initiated in the first floor and propagated to the second.
However, this evidence was not considered sufficient to absolutely confirm
the order of propagation. It was therefore considered necessary to
thoroughly evaluate the damage and equipment on the second floor to search
for evidence of initiation on this level. This was done by accomplishing a
complete teardown examination and analysis of the equipment on the second
floor. This teardown was accomplished and no evidence of initiation on this
level was found (Figure ]2). The investigation therefore concluded that
based on the physical evidence I've previously discussed and the lack of
evidence of Initiation on the second floor, that the incident most probably
initiated on the first floor and propagated to the second.
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)With the deterination that the Incident most likely Initiated on the first
.floor, the next step in this Investigation was to isolate the point of

l • the conveyors (pth powered w~d gravity), the rotoclone dust collection

system, abd the lbratory feeder/hopper fill station.

This chart indicates the reasons this investigation eliminated the conveyors
as the point of initiation (Figure 14). Based on the location of personnel

* in the weigh room at the time of the incident, there was no physical activity
associated with containers on the conveyors at the time of the incident.
Electrical checks of the belt and conveyor after the incident verified that
the system was properly bonded and grounded. Finally, two of the operators
involved stated their definite Impression that the incident initiated at the
fill station and propagated to the other filled containers on the conveyor.

The dust collection system had three basic components; the duct from the fill
station to the rotoclone, the rotoclone itself, and the exhauster fan (Figure
15). In the rotoclone, air and NC were bubbled through water to remove the
NC. Disassembly of the rotoclone and the exhauster showed no evidence of
Initiation In the exhauster fan and also confirmed that the incident
propagated to the water In the rotoclone but no further. The d*oct from the
fill station to the rotoclone had blow out vents which were blown'out after
this incident. Examination of these blow out vents showed more evidence of
burned NC on the north side of the vent than on the south which indicated
that the flame front was travelling from the fill station to the rotoclone.

Since initiation on the conveyors or in the dust collection system had been
eliminated as highly unlikely, it was concluded that the initiation in the
weigh room most probably occurred at the vibratory feeder/hopper fill station
(Figure 16).

The vibratory hopper/feeder fill station consists of two systems; the weigh
scale including the chain driven conveyor rollers and the vibratory feeder
hopper Including the dust shroud and the container being filled (Figure 17).
The weigh scale and chain driven conveyor rollers were completely
disassembled and examined for evidence of Initiation. No evidence was
found. Given this lack of evidence and the operators statement that the
flame came from the vibratory feeder/hobper, it was concluded that the
incident most probably did not initiate In the weigh scale and chain driven
conveyor rollers.

To this point the Investigation indicated that Initiation most probably
occurred somewhere in the system including the vibrating feeder/hopper, the
dust shroud, the container being filled, and the operator at the fill
station. Four potential modes of initiation were available within this
system; operator error, equipment failure, friction/impact, and electrostatic
discharge (Figure 18). 1 will discuss each of these modes of initiation and
provide the investigation's assessment of their probability.
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Operator error was considered and concluded to be highly unlikely as the mode
of initiation (Figure 19). The operator was wearing the clothing required
for this operation and a test of his conductive shoes after the incident was
positive. No evidence was found to indicate that an unautiorized tool was
being used. The operator's activities immediately before and at the time of
the incident were normal and In accordance with the duties of this position.

The possibility of equipment failure was investigated and concluded to be
unlikely as the mode of Initiation (Figure 20). The electrical conmections
and electric motor for the vibratory feeder/hopper were disassembled and no
evidence of initiation due to electrical failure or entry of NC was found.
The operators in the weigh room and also In the control room testified that
all equipment was functioning without problems up to the time of the
incident. The capacitance probe used to sense the level of NC in the hopper
was tested to determine if it had electrically initiated the incident and the
results were negative. Complete disassembly of the remainder of the
vibratory feeder/hopper did not provide any indication of initiation due to
equipment failure.

The vibratory feeder/hopper had a number of locations which had the potential
for initiation due to friction/impact (Figure 21). Typical examples include
the metal clamps holding the covers over the hopper and vibratory feeder and
the threaded fittings of the sprinkler nozzles and hopper level probe. A
risk analysis of these potential problems showed that unless an error or a
system failure can be shown to have existed prior to the incident, the
probability of initiation is very low. Examples of these errors could be a
loose clamp or loose threaded fitting. Further examination and analysis
showed that metal to metal contact and rubbing between the hopper level probe
and the hopper cover was occurring prior to the incident. With this
confirmation, the probability of initiation is much higher and it was
concluded that initiation due to friction must be considered a possibility.

At the vibratory feeder/hopper fill station, NC was vibrated out of the
feeder and fell into the container being filled (Figure 22). This free fall
created the potential for electrostatic buildup in the nitrocellulose. Since
the containers being used were nonconductive, this static buildup would have
been slow to dissipate. This static buildup had been observed by the
operators. Tre hazards analysis had indicated that the presence of a
flammable alcohol/air mixture during the operation was probable. Since the
electrostatic discharge threshold initiation level for alcohol vapor is low
(0.4 millJoules), the potential for initiation due to ignition of alcohol
vapor from an electrostatic discharge was considered very real. A test to
simulate the application of alcohol to the NC cake determined that most
likely alcohol was not evenly distributed in the NC. It was also clearly
demonstrated that the conductivity of NC increases as the wetness increases
or conversely the drier the NC becomes the greater the electrostatic
generating capability. Three electrostatic discharge scenarios were
investigated; discharge from the container being filled, discharge from the
capacitance level probe, and discharge from the NC. Efforts to obtain a

1766



spark discharge from the container and the level probe were unsuccessful. It

was demonstrated, however, that the N. falling Into the tub could generate
sufficient electrostatic eneigy to ignite alohol vapcr. It was normal for-

the NC to buildup in the center of the container until it approached theS/ grounded dust shroud and the operators tsaped the filled container to lower

the level of NC in order to get the lid on. The timing of this incident wes
such that the container being filled should have been almost full at the time
of the incident and this was subsequently coafix•ed by testirony of the

'operator at the fill station.

This investigation concluded that the most probable cause of this incident
was an electrostatic discharge from the NC in the container being filled to
the grounded dust shroud which ignited a flammabie alcohol alcohol/air
mixture. (Figure 23).
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Detonating compositions play a vital role in the functioning of Military
•, munttion•

These caspositions are filled as Detonators either in Am/naitum tubes or
f Copper-tinned cups. Detonators form the Important component of the fuze. The fuze

is a mechanical device for the functioning of the projectile at a predetermined time
or place, exploding the bursting charge of projectile and/or for the correct

\ functioning of the Illuminating/Smoke Amnunition.

"-IThare are two types of Detonators vi:

(4) Igniferous type which produce flash for initiating delay composition
or a Fuze Powder1 4.-

Disruptive type filled with a mixture of detonating compositions like
CE/PEn /ASA, CE/ASA.

These compositions are filled in small quantities and pressed at loads not
exceeding 1000 lbs D/L. O/~As o~ad/Y 9eAew4 5 Y-a

I.. The compositions include (i) Initiatory explosives compounds such as Lead
Azide, Lead Styphnate, Tetracene and (ii) Initiatory Explosive compositions such as

SFulminate-basbd A-1, B-l mixtures; Styphnate-based HE-302, VH2 composition.

HARACTERISTICS OF CO)OSITICNS, / '

(i) Initiatory Explosive Compounds

The essential requirements of an initiatory explosive compound are

a) It should be stable on storage.

b) It should be capable of withstanding the shocks resulting from
normal handling and use.

c) It should be compatible with the metallic parts with which it may
come in contact.

d) It sho-ild be capable of being readily initiated by the means in use; and

e) that it should rise rapidly to the maximum velocity of detonation.

(ii) Initiatory Explosive Compositions

Most of these compositions are physical mixtures of compounds, some of which
may be individually non-explosive but sensitize each other as a mixture making the
enme very sensitive to impact, friction or heat. The essential characteristics of
these mixtures are
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a) These provide a sudden burst of flame on Initiation.

b) These evolve a very large volme of Saves and solid particles without,
however, developing a detonation wave.

c) These are capable of igniting an Initial detonating agent or a fuse
powder.

The sensitivity of these compositions can be varied-and controlled to a
certain extent bX careful control of particle size of each of the ingredients,
and use of binding agents to prevent mechanical segregation. The inherent
characteristics of these compositions to explode during the normal handling and
use, however can not be ignored, even after the use of binding agent.

NOTE

Mercury Fujlmiate, Lead Styphnate, and Tetracene are seldom used alone.
Lead Azide is usually sensitized with either composition A-.I Mixture or Lead
Styphnate.

SPART II SOURCES OF HAZARDS-

The main sources of Hazards encountered duirng the mixing of detnr
compositions, their filling and pressing into the metal components, their
transportation and the storages are

i) Energy concentrations near about the Ignition Level.

ii) Contamination with foreign matter such as dirt, grit etc.
/

III) Defective operations during handlin&.

iv) Improper personnel handling these compositions.

The energy concentrations can occur due to the following -

a) Chemical reaction.

b) Electrostatic charge

c) Friction

d) Excessive pressure

e) Impacts

f) Sparks - Mechanical or Electrical

Excessive energy concentration due to any of these causes can lead
to an accident.
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SThe likely sources of Ignition which are hazardous In the handling of these
ecupositiona are 3- .

a) Self-heating

b) Mechanical Sparks

c) Static Electricity

( d) Electrical Equipment

Self heating and Mechanical Sparks can occur In Plants during the Pressing
Operations.

The generation of static electricity during the processing and handling of
these compositions especially the Lead Styphnate - based compositions can lead to
major accidents.

The chances of electrical sparks/flame from electrical equipments cmnnot be
ruled out and these also can attribute towards accidents.

The Hazards due to contamination and defective operations are obvious.

Use of Improper personnel In the handling of these compositions can, and
has been a major source of Hazard. Care has to be exercised in their selection.
Only those who are physically and mentally capable of realizing their
responsibilities to themselves and towards others should be selected as
Operatives/Supervisors. The extremely nervous individuals and the hasty
operatives are a potential source of Hazard.

"-. - " PART - III JEVERITY OF HAZARDS

The severity of explosion Hazards likely to be encountered during the
handling of these compositions has been quantified by carrying out various
experiments and the quantum of these compositions infront of ar. Opeintor while
carrying out the filling, and other Operations behind the shield and inside the
cubicle have been specifically laid down in the standing orcers or the
General Safety Directions for the handling, transportation and storage of these
cumpositions. As an example, it may be quoted that the quantum of loose
Lead Azide in the Hopper for the filling of 15 detonators in one tray has been,
arrived at as approx. 10 grams.

PART - IV -(44REVENTIVE MEASURES ('

TO MINIMISE THE HAZARDS"

The Hazard-free handling of these sensitive compositions cannot be
achieved. Their processing, handling, transport and storage are always fraught
with hazard. It is known that sooner or later, fire or detonation can occur
through human failure, equipment failure, weather conditions and alto through
unforseen causes.
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It is therefore, of paramount importance to adopt a gond safety progrx'e

so as to:-

i) minimise hazards to Personnel and the loss of life.

ii) reduce the accidents typically occuring in laboratory orin operations.

iii) minimise the loss of equipments and buildings.

The occurence of accidents resulting in Personnel Hazards and loss of life
has a great demoralising effect on the operatives and this factor has a positive
deleterious effect on the subsequent handling of such hazardous compositions.

It is, therefore, essential that the preventive measures to be adopted to
minimise the hazards and bring the level of accidents to absolute zero are strictly
observed.

The various preventive measures can be grouped as under :

A. UILDINGS AND EQUIPMENTS'

1. Ensureithat the buildings are specifically designed, including the inside
/ -6ubicles, for the safe handling .of these compositions.

2. Check these buildings for Lightning Arrestors.

3. Conduct static earthing tests for these buildings and periodically
undertake these tests.

4. Ensure that all the electrical installations in the buildings and of the
machineries are flameproof/explosion proof.

5. Check that these, and also other equipments, are properly grounded to ensure
dissipation of static charges likely to be developed during the
handling of these compositions.

6. Do not undertake operations during Lightning and Thunder Storms.

B CONTROL WORK CONDITIONS, So, -(.. _'

1. Prepare the layout of the operations with forward movement and with
adequate free-moving space in between them.

2. Ensure that all hazardous operations are carried out either behind the
shield or inside the cubicle operating from outside, depending upon
their severity.

3. Keep the humidity upto 70% R.H. compatible with the type of compositions. N
In any case maintain a minimum of 60% R.H.

4. Avoid high dry temperature leading to overdrying of the compositions.

5. Keep the quantum of compositions to the minimum as stipul-ted.
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6. Avoid the nipping of the composition between the hard surface;
or even by friction.

7. Avoid continuous transfer of the compositions from one contarintr
to thn other.

8. Avoid generation of static charge to the maxa-um extent.

C.\qýRACTICE GOOD HOUSEBKEEPING,

1. Keep the over-head surface of the working/stora8e space clean and tidy.

2. Inspect ducts regularly for build-up cf composition dust.

3. Use proper brushes and brooms to clean up dust,

4. Keep the dust and the contaminated waste in the preper receptacles
Sunder oil/desensitizing solution.

5. Ensure frequent removal of them fob. disposal.

D. (ELIMINATE IGNITION SOURCES

1. Watch out for hot surfaces like motors, drives, and ilghts.

2. Be alert to friction and Impact sourcei.

3. Protect against electric spar',--.

E. (qEXPLOSION PROTECTION #

I

1. Design the buildings in such a way as to ensure that they withstand
the high pressure.

2 The propagation of the explosions should be isolated from spreading
to adjacent working place. This can be achieved by providing suitable
blast walls or traverses.

3. Explosion venting can also be resorted to in case of cubicles by

building a weak rear wall so as to vent out detonation wave away
from operative.

,i ° /i1'/• ( U )) PART V - ACCIDENTS - CASE STUDY/_

Accidents during the handling of detonating compositions hre n.- uncommen.
A faw typical accidents are dealt-with in this paper.

ACCIDENT NO.1

An accident took place while filling Lead Azide in the Detonator Az, when
the composition exploded causing injury to the Operator as under
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a) Deep Lacerated would involving whole of the left hand includlng
bones and wrist.

b) Lacerated wound light Frrearm.

c) Lacerated wound Left Lag.

STUDY

It Js knawnthat even an individual crystal of Lead Azide denotes just in
the see manner as ., large quantity of Azide would. This compound is very
sensitive to friction rather than to impact #nd hear. The crystals, which are
thin aid longer the 0.1 mm thick can detonate even in the breaking operation.
The sensitivity of Lead Azide to friction does not got deminished by wetting. The
micnrscopic examination plays an Important role in avoiding explosion. Its greac:er
friction sensit'vity should make onc wary of handling the loos1 material without
due precautions.

Taking into consideration the above characteristics, and based on the
observations of the spot of accident, it was noted that while the composition in
a paper machc container was being handled for the fillizg by the Operative, the two
likely causes leading to this accident could be -

(a) friction between the particles while scooping by alinini.tm scoop or

(b) the presence of thin crystals longer 'tCn C.1 mm making the compound
more sensitive.

The chances of the Operative' aluminiun scoop hitting against the shield
detonating the small crystals adhering to it And this in turi. causing Eympathetic
detonation could not be ruled out.

,CCIDENT NO. 2

An a pl-.., 'hit :hLb%'i.•g. A-l1, composition (6-6-4 composition)
while tranzi- , om the hatchway oi .iIe c 1 4cle of the building to the weighing
bay. During this .transference the composition r. D.L d causing injury to the
Operator as under

a) Multiple Blast Injury to the Right Fore-arm.

§LUDY

(A) The procedure laid'down for the storage, transportatinn and transfer
twas as under:

The composition A-I mixture after manufacture is stored in the expense store
in small quantities in Tin cont~iners duly tapgc at their mouth. The composition
is stored in the Papier Mache Dubbas placed inside tho containers. The quantum
of A-i mixture is the one which has becmn fixed by the experiments.
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These Tin Containers are transported to the filling unit in wooden

carrier boxes.

At the place of the filling unit, these covtainers are kept in hatch-way (
from outside the cubicles for the operative to collect them from inside as and when
required for transferring to the filling bay.

The transference of the composition from the Papier Mache Dubba to the
hopper la carefully done and the Dubba with the balance quantity of the composition
is kept inside the tin container on a table behind the shield.

(B) Observations at the spot of accidents -

The contents of the Papier Mache Dubba are equivalent of three fillings
of the Hopper.

I In this particular instance, it was observed that there was rot trace of the
Papier Mache Dubba; that there was a large hole on the tabl.e with a dark patch
beneath it.

(C) Likely causes

The .likely cause of the accident could be attributed to the accidental hit
of the Papier Mache Dubba agailst the tin container or the steel portion of the

A shield whereby a few particles of the composition likely to be adhering to the
outside of this dubba would have got nipped between the dubba and the metal portion.

ACCIDENT NO. I

Accidents due to improper pergonnel handling these compositions.

STUDY

In one particular case, it was observed that there were repetitive
explosions oa th.a ASA composition after it's use for filling for about an hour
with a particular Operator, although these accidents did not cause any major
injury either co the equipments or to the Personnel. On a careful study, it was
noted tha.t this particular Operative was extremely nervous by nature, bad dry
skin and used to develop static charge on his bodv despite all arrangements of
dissipation of the sane. He would build up this charger practically to the ignition
level and this would cause the compccition opposite him and behind the shield
to explode.

The day this operative was shifted from this fillingoperation, this type
of accidental explosion came down near to the zero level.

CONCLUSION

"All these case studies and'the study of various factors to be foliowod for
the prevention of these hazards lead us to the important seven basic safetyS principles to be followed when handling these detona•ting compositions.
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These are

1. Do not dim-respect these compositions.

"" 2. Do not exceed the sintmul quantity of composition needed for the
operation.

3. Do not rush with the operations.

4. Do not under-estimate the safety regulations laid donm.

5. Do not forget to ground yourself before entering the operating
rooms by standing on the earth plate and holding the earthing knob.

6. Do not forget to check the equipments before starting the operations
on them.

7. Do not accumulate the residual compositions excessively. Handle
them carefully and dispose off as per standing orders on the same.
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--- MMM irolt OTTO L II.

By: LNI.A2mstrons, asc CUng MICheul.
Ministry of Defonce (Navy) DST(AS).

Otto Fuel II is a liquid monopropellant torpedo fuel@ containing as the
main Ingredient 1:2 propylene glycol dinitrate. This ester is toxic, both
by inhalation and by skin absorption. A threshold limit value of 0.2 parts
per million In air (tht Is, 1.3 milligrm per cubic mtr of air) was

S originally established by the National Academy of Science and this value
was also specified as the ceiling value for PGDN.

0 Several changes in the TLV for PW.DN have been proposed. Most recently, on

S13th May 1981, the American Conference of Governmental Industrial Hygienists
TLV committee proposed a change to 0.05 ppm in the TLV. The ceiling value
remains at 0.2 ppm.

The British Institute of Naval Medicine has formed a working group on Otto
Fuel toxicity, and agrees these values and has recommended protective
clothing, special ventilation and continuous monitoring of the atmosphere
in workrooms where Otto Fuel is exposed.

The American Mk 15 Otto Fuel Detector is used for continuous monitoring,
and it is ideal for this purpose. But more was needed. Because the ceiling
value is well below the equilibrium vapour concentration in air at normal
temperatares, we need quick warning whenever the ceiling value is exceeded.
We also needed a reliable metnod of checking whether cleaned torpedo
components were indeed free from all traces of Otto Fuel, because these

\ components go to a mechanical assembly area where no special precautions are
taken against toxic risks.

,The Royal Armament Research and Development Establishment had invented,
desýgned and manufactured an explosives detector, to respond to minute
t,_Aacofnmjtroglycerin based explosives. This detector was tried and
fifoun. to respond ientnij to Otto Fýl without modification, and so was

/ introduced fcr use in the Royal Naval Armament Depots, but it was not
/, completely succesful. It was mechanically robust, because it had been

/ designed to be used by soldiers, but it was too sensitive, and the gas-
S/ valve assemblies did not have a leng, leak-proof life.

This basic design was re-engineered by Messrs Graseby rynamics of Watford,..
*, I England, to produce a commercial explosives detector. The special

requirements of Otto Fuel detection in Royal Naval Azr•ient Depots were
: I discussed with this firm by Mr David Butt of DSTAS Armament Engineering

Division and the Author, and an especially desensitised -7odel was produced,
• f specifically for this work.

, The Requirement

The detector was required to be reliable, and to respond to Otto Fuel II
vapours with defined sensitivity. An alarm war needed at the ceiling
value, and visual indication of the presence of fuel vapours at lesse

- j concentrations. ,

1(
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- Great sensitivity would be a disadvantage. Traces of fuel vapour are
powerfully adsorbed by plastic surfaces, and false alarms would be given
by a very sensitive detector held close to any electric cable or similar
component.

Ideally, the detector should respond to no other chemical. In particular,

chlorinated hydrocarbon solvents should produoe no response from the
instrument.

The detector should be light, portable, robust and not be too costly. It
should be able to work continuously for a minimum of six hours.

Th PD2F Detector

The detector contains a special platinum-coated filament, whose surface.
will adsorb contaminants present in the surrouding Was.+

A powerful suction pump draws gases through the detector. In the sampling
mode, a mixture of the sample diluted with clean air and primary argon
is drawn over the cold filament. Contaminants in the sample are adsorbed on
to the filament surface. At the same time, a small flow of secondary argon
passes through the electron capture detector, to keep it clean and maintain
a constant electrical signal.

In the purg~ng mode, the suction is stopped. Both argon flows continue,
but the fluidic valve closes and so the sample and air mixture is no
longer drawn into the instrument. The primary argon flow passes over the
filament, while the secondary argon flow continues to pass through the
detector.
In the detection mode, the filament is electrically heated. The contaminants
selectively desorb one by one, and at a particular instant the valve near
the detector opens. The secondary argon flow now passes directly to waste,
while the primary argon, together with any desorbed traces of Otto Fuel
from the filament passes through the electron capture detector. It is
fortunate that nitrate esters generally, and Otto Fuel in particular, bind
very firmly indeed to the filament and so desorb last, and are easily
separated from other uterials. This sampling, purging, and detection
sequence is repeated every 31 seconds.

The electron capture detector is a tube containing a radioactive source.
Tritium, adsorbed onto copper foil, provides a copious source of low-
energy electrons which do not present a detectable radioactive haard
outside the body of the tube itself. A central electrode, suitably biased,
will collect some of the electron flow. Any impurity present in the gas
passing through the detector will capture electrons and so diminish the
current; the detector is very sensitive but not at all specific. But only
the strongly adsorbed contaminants are admitted to the detector.

E]ectronic circuits amplify the output from the detector, and compare it
with the steady state current when pure argon Is flowing through the
detector. Any difference is measured and presented as a numerical readout
on the instrument display. An audible alarm can be set to function at
any desired level.

1i
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A sealed, nickel-oadmium battery pack provides electric power to work the
pump aad the electronics. A smal• cylinder charged to 2500 lbe/sq in
oontains the argon which is used as a carrier gas and a purge Was. Both
the battery and the gas supply can work the detector for at least six
hours. The entire equipment weighs 10 Kg.

It is important to check each day that the Instrumnt is working, by
holding it near a contaminated article. These checks are done and recorded
daily, before work starts.

Experience has shown that six-monthly calibration is required to maintain
adequate performance. The detector is checked by exposing it to a known
concentration of O~tt Fuel vapour in air. This is produced at a calibration
centre by bleeding a known volume of Otto Fuel at a steady, known rate
from a motor-driven microburette into a measured, constant air flow. The
concentration chosen for this checking is 0.2 ppm, the ceillng value, and
the detector is edjusted to read 20 at this concentration. Coarse adjustments
are effected by altering the size of the metering jets which admit diluent
air to the sampling head, and fine adjustments by alterations to the level
of inputs to the electronic gates which process the signal.

The digital read-out is not directly related to the concentration of fuel
which is sensed by the detector. The digital output is a continuous,
monotonic function of the input concentration, but is not directly
proportional to it. The detector is only checked for performance at the
0.2 ppm level, the concentration which is legally of contern.

Reference :

+ R F D Bradshaw. Platinum Metals Review, October 1977, Vol 21, No 4.
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SAFE AND EFFECTIVE

CLEANING

S4OF

PROCESS PIPELINES

IN THE

EXPLOSIVES INDUSTRY

R. W'. WHEELER

F •;OLIN CORPORATION

BADGER ARMY AI4MUNITION PLANT

BARABOO, WISCONSIN - 53913
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Badger's mission has been the manufacture of military propellants during

national emergencies. We presently stand in mobilization readinese to furnish

allied forces conventional military propellants. if needed.

Production was discontinued at Badger in 1975, and layaway activities to

place the plant in mobilization readiness commenced, At this time, limited

funding permitted only general clean-up - disposal of product contamination -

and preservation of equipment and facilities, on a priority basis. The result

was - decontamination was limited, and has been a continuous process. In ad-

dition, activities during the winter months were drastically curtailed to con-

serve fuel for heating inactive buildings.

Our production mission had been to manufacture singie base sulid propel.-

lants and double-base solventless propellants. The primary ingredient in

Sthese propellants is nitrocellulose, which, in the process of manufacturing,

is conveyed from location to location in a water slurry form through enclosed

pipelines In the manufacturing process, much of the proeas water - for

breconomic and environmental reasons - is reused, and this water is pumped

through pipelines from location to location - or drains by gravity through

pipes into settling pits.

These systems are common to the solid propellant industry.

¶ Water-wet nitrocellulose is not a hazardous material - but when it becomes

dry, it is sensitive to ignition by heat, sparks, friction and impaction.

"\. ~Following our shutdown, we flushed these NC pipelines with literally

millions of gallons of water to remove any residual NC that might have remained

L C
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in the pipes from production. Later - as we were disassembling valves for

& processing, we were dumbfounded by the quantity of NC remaining in the pipes --

and were faced with the problem of cleaning this material from the pipes

efficiently - and at a minimum risk.

Let's look at some examples of this concatJ(nation.

The NC in our pipelines had begun to become dry from exposure to air --

not only increasing its ignitability -- but posing the threat,of propagation

in the pipes if accidental ignition occurred. Since many of these pipes inter-

connected process buildings - propogation could be a catastrophic event.

Therefore -- the method we might select to clean these pipes -- would -- for

safety reasons -- require preventing ignition and possible propagation of the

NC in the pipeline system.

These pipelines ranged in size from 6 inch to 30 inches in diameter. They

conveyed nitrocellulose from station to station -- building to building -- area

to area. In some locations they were joined together in various lengths by

flanged joints, while in some of the drain lines, they were welded in one con-

tinuous line between valves. The risks of disconnecting flanged joints and

handling large sections of pipe would be significant -- and was determined to be

unacceptable from both an explosive and material handling viewpoint. The welded

lines were much too large and lengthy to remove -- and, cutting them into

sections that could be handled was inmnediately rejected.

While we were weighing various possibilities as a solution to our problem

-- an advertisement in a trade magazine for a device called "polly-pig" caught

our eye as a possible method to safely and efficiently remove the contamination

7 1807
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from these pipelines. We contacted the manufacturer explaining our problem and

invited them to demonstrate the polly-pig's ability to clean pipelines.., Their

demonstration was very Impressive, and the safety considerations were satisfied.

We have since cleaned thousands of feet of contaminated pipelines of potentially

hazardous residual material, safely and efficiently.

Not only has this method saved us thousands of dollars in time -- but its

use practically eliminated our safety concern about NC ignition/propagation.

With a minimummaterial handling, we cleaned these pipelines in place.

What is this polly--pig?

The polly-pig is simply a polyuerathane plug, molded to different config-

urations, densities and sizes. It is inserted into a pipeline and pushed

through the pipeline hydraulically. The hydraulic fluid we used was water, be-

cause, as I've stated - water desensitizes nitrocellulose. However, other flu-

ids, such as oils, can be used if necessary because of compatibility or their

desensitizing properties. The manufacturer should be consulted for the use of

specific chemicals as hydraulics.

With suggestions from the manufacturer, we fabricated an attachment that

4 we could use to connect to a pipe flanged end -- to start the cleaning plug in

the pipeline to be cleaned. It's a simple inexpensive attachment and worked

j flawlessly. This slide depicts its design features. (This, by the way, was

for a 12 inch pipe.) The attachment - referred to as a launcher - is bolted to

the pipe flange. A pressure gauge is mounted on the top, and a drain line and

valve, at the bottom. The end plate of the launcher is provided with a pipe

*!• connection -- quick-acting valve and fire hose connection. The pressure gauge
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not only depicted the water pressure being applied - but - by its fluctuating

action, would also Indicate the plug was progressing through the pipe. The

drain line and valve at the bottom permitted draining the launcher end of the

system after the plug had exited the discharge end. Fire hydrant water was

used, which made it convenient to attach to the launcher. Shown here are the

12 inch plugs that were used to clean this line. On the ground is a low

density polyuerathane plug referred to as a swab. When inserted -- and pushed

through the pipeline with water from the fire hydrant -- this soft plug swept

much of the NC ahead of it and out the open end of the pipeline, along with

loose rust and scale. The gentleman is holding the 12 inch plug, which has a

heavy coating of high density polyuerathane to add durability to the plug --

and also more effectively remove NC that was caked against the pipe lining.

By removing the launcher end plate, the plug (or swab) is inserted, as shown

here. The end plate is then reattached and the quick-acting valve opened to

allow water pressure to build up behind the plug. It only took approximately

20 lbs. water pressure to propel this plug through the pipeline.

By design -- these plugs permit some water to flow past the plug, thereby

wetting Ote product in the line ahead of the plug -- and offering a stream of

liquid on which the loosened material could better flow to the discharge end

of the pipe. At the 20 lbs. pressure we used, the plug progressed through the] Ipipeline at approximately 15 linear feet per minute.

j jThe low density "swab" readily compresses down to the shape and size of

the opening in the pipe -- retaining most of its contact with interior surfaces.

This is also true of the higher density plugs, but to r, lesser degree of com-

pressability.
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A feature of interest -- and importance -- is the ability of these de-

vices to pass through valves and negotiate turns -- including turning the de-

sired direction at T's or crossovers. Let's look at a hypothetical illustra-

tion of how the direction can be controlled. The swab or plug follows the

free-flow of liquid that precedes it.

These devices will also compress and clean a pipeline that consists of

different diameters. For example - we encountered no problem when we started

a 12 inch plug in a 12 inch pipe that reduced to 10 inch. An increase of

water pressure to approximately 30 lbs. forced the 12 inch plug through the

0I inch pipe.

$i At an Olin plant, one step of the process required the product to be

conveyed through several hundred feet of pipe that reversed its direction

every 18 feet. At least once a year the u-bends on the ends of these pipes

were removed and the pipeline interior cleaned with rods and cloth. When they

were told of our experience with plugs, they were able to propel these swabs

and plugs through the entire system without dissassembling the u-bends. Not

only was this a time-saver, but the cleaning was more effective and the poten-

tial hazards of disassembly were practically eliminated.

The material loosened and swept from the pipes ccn be directed into a

sump or catch basin, where it can be recovered at a later time for disposal.

At locations where these facilities were not available, we directed the dia-

charge waters containing NC through a 200 mesh screen into a tank. NC would

then be removed from the screen -- be placed in powder cans -- spread out on

burning pads to dry and be burned.
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Were thuse devices effective in rmoving NC from our pipel&nes? The

answer ts yes. To prove this effectivenese, vw removed a section of' NC con-

tainsated pipe from a pipeline and placed it ou our burn1iA* ground ped. A

train of excelsior was extended from the end of the pipe and remotely lgntted.

When the flame reached the open end of the pipe - the NC ignited and burned

rapidly from both ends of the pipe.

A section of the same pipe was subjected to the same test -- after clean-

Ing with these devices, and there was no material (NC) left in the pipes to

support combustion.

We are confident that the pipelines cleaned in this manner no lenger pose

a threat of ignition propogationý Additionally, the flow rate in our pipe-

lines shoui- be substantially increased, requiring less energy to transfer

materials when we resuae production.

I can recall, several years ago, in ammunition loading plants -- the

efforts required to clean vacuum collector lines. The lines would be filled

with water and be flushed and back flushed to wash away residual fines. I

suggest this method I've described be explored as a means of cleaning vacuum

collection lines safely and efficiently.

This method is also being used in municipalities to clean water mains,

improving the c-value and reducing the energy costs for water service. Perhaps

the water distribution systems -- especially those for fire protection in our

plants -- could bear looking at, so that if the c-value has been reduced by

lime, scales or rust, and other foreign matter, consideration can be given to

restoration by this method.
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ltomttA WUAVIs"31 is v'ot;'V" t"eMemd404 Ai-Or SM WMA.:b& UO, -
careful Q*WAmeS*0u shon ld be gire to dUemtt4Rg Mt•ria sub$eci o (
friction lgntlton. ALo - a subetauttal rtimr ,should be ettftobd to, thb

discharge 00d to retain the plug as It exit. under air or ga" pressure. PI4P"
that are comnec•ed by slip joints, such as in severs - may not take propulsive

pressure without the possibility of the joints separating. We have discovered

an underground process waste drain line that is contaminated with settled

rocket pests powder. 14e Intend to attach a strong line to a plug Suid pull it

through this waste pipeline, while we maintain it wet with a flow of water.

I have no direct or indirect interests in the company whose brochures I
have for handouts. I simply am unaware of other companieo manufacturing a

similar product.

You're invited to take one of these brochures sud also inspect these

small plugs I have on display.

I'll try to answer any questions you may have.
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40 1813



N.C. IN TRANSFER LINE

C

N.C. IN FLANGE
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N.C. IN DRAIN LINES
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DISTANT RUNNER RESULTSC

A 5 Event High Explosive Test Series

Involving U.S. Air Force 3rd Generation

Aircraft Shelters

by

Robert A. Flory

Defense Nuclear Agency
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BACKGROUND

In Europe, real estate restrictions make siting aircraft shelters and munitions
facilities increasingly difficult. Property constraints which l'imit air base
expansion; and Quantity Distance (QO) criteria which tend to n rrease.inter-
facility spacing, are competing factors. Overly restrictive c ritevtia may
compromise operational considerations and impede readiness. -

he QODlariteria now in use in Europe for the separation of hardened aircraft
shelters housing aircraft loaded with explosives from other resources; and for
the separation of explosive storage sites or operating sites from runways,
taxiways, and other A/C shelters were derived from standards for A/C parked in
the open and are generally considered overly conservative.

The scope and cos of the current United States Air Force Europe Air Base
Survivability Pr ram construction effort demand that facility siting beaccomplished with •riteria that adequately reflect the risks from potential
explosion sites. -Over the past 5 years and after lengthy discussions and analy-
sis only two'Lmall reductions out of tte many applicable QD factors have been
approved. At this point, and with tyb major policy decisions, one by the DoD
Explosive Safety Board OThat further reductions would not be considered without
supporting test data," and the other by DoD "Phat all new construction would be
sited waiver free," It became apparent that a major test program was necessary
if. any further QO reductions were to be achieved.

PROGRAM

DISTANT RUNNER is the nickname for this program It was a 4.7 million dollar,
five event high explosive test series, conducte by the Defense Nuclear Agency
(DNA). This test series, an integral part of t overall DNA Theater Nuclear
Forces Survivability, Security and Safety (TNFS program, was conducted at the
White Sands Missile Range, New Mexico, during e September-November 1981 time
period.

The DISTANT RUNNER program was primarily directed at addressing the suitability
of current explosive safety quantity-distance (QO) criteria for the hardened Air
Force third-generation-aircraft shelters and adjoining runways and taxiways

The overall program goal together with the four specific test objectives are
shown in Figure 1.
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DISTANT RUNNER TEST PROGRAM

GOAL
* PROVIDE ADEQUATE EMPIRICAL DATA TO ASSESS

AND REVISE CURRENT QUANTITY-DISTANCE
CRITERIA.

OBJEC IVES
I. ASSESS CAPABILITY OF AIRCRAFT SHELTERS TO

PROTECT AIRCRAFT. MUNITIONS, AND PERSONNEL
FROM EXTERNAL EXPLOSIVE EFFECTS

2. ASSESS CAPABILITY OF AIRCRAFT SHELTERS TO
PREVENT OR SUPPRESS THE PROPAGATION OF
INTERNAL DETONATION EFFECTS

3. ASSESS COLLATERAL DAMAGE EFFECTS TO AND VUL-
NERABILITY OF NEARBY RUNWAYS/TAXIWAYS

4. ACCOMMODATE WEAPONS STORAGE TESTING

Figure 1

TESTBED

v The general testbed location was in the northern portion of the White Sands
Missile Range in the Queen 15 area. This site was chosen specifically for its
high water table of 6-10 feet below the surface. This geology represented the
typical worst case high water table geology for the European Theater.
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DIISOA NT mUN
TEST ED CONFIGURATION

SWANN$m
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Figure 3

Shown in Figure 3 is the DISTANT RUNNER testbed. The two aircraft shelters
depicted here were constructed from drawings provided by USAF Europe. The
shelters were built exactly to those specifications with the following few minor
exceptions - the footings were 2 feet wider than usual due to local soil con-
ditions. No electrical work was done and the door opening mechanism was not
Installed. The orientation of the shelters was designed so that the required
information could be obtained from the minimum number of external events. The
runwa.ys/taxiways were also of standard USAF construction. The angled taxiwaLy
was designed to allow for a range of damage from both ground shock and debris
damage. The other taxiway leading directly into the shelter was also configured
to measure a range of damage levels and was oriented in line with ground zero.
Because of this orientation, the damage mechanisms wer'e expected to be different
with more buckling expected.

Construction began in September 1980 and although there were several minor
problems construction progressed on schedule. In August 1981 the construction
company turned the two full-scale 3rd generation A/C shelters over to the

S~government and the test series was ready to commence. To add further authen-
ticity to this test program two F10l's were obtained and emplaced in the
shelters during the test series.
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RESULTS

The first two events were external events specifically designed to meet the first
test objective of assessing the protective capability offered by the shelters
from external explosive events. The first event was conducted on 2 Sept. 1981.
In this test, both third generation aircraft shelters and the adjacent aircraft
pavement were subjected to an external blast loading from 120 tons of Amnoni=
Nitrate and Fuel Oil (ANFO) as shown in Figure 4.

2 SEPTEMBER 1981

0 GZ2

* 240,000 LBS ANFO

* 15 psi SHELTER B SIDE-ON

* 15 psi SHELTER A END-ON

* F1OIB AIRCRAFT IN EACH SHELTER

15 psi EQUATES TO A QD OF 8 Wi /3 FOR A SURFACE EXPLOSION

15 psi EQUATES TO A QD OF 5 WI /3 FOR A CONTAINED EXPLOSION

Figure 4

This blast was designed to provide a 15 psi (103 kPa) overpressure and 490 psi-
ms (3378 kPa-ms) impulbe environment on the rear of one shelter and the side of
the other shelter.

As shown in Figure 5 the actual free field airblast pressure environment was
slightly lower than predicted. Measured pressures at the edge of the shelter
averaged 13 psi. Free field positive phase overpressure impulses were also
lower than desired, averaging 404 psi-ms (2785 kPa-ms).
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DISTANT RUNNER 2 SEP 81 - BLAST
ENVIRONMENT 0

210 Igo TONS ANFO

130toB Is Von no 2"
P ISOUR no.

PAEMN K4 .PC O .

go 0 2 3NWAUT DOOR FIEET

Figure 5

Damage to both shelter archeswas slight with only minor cracking of the concrete
on top of the shelter. In the shelter oriented rear on to the blast, both rear
doors were blown off their hangers and thrown approximately 22 feet into the
shelter. Additionally the steel guide angle iron running along the top of the rear
door frame was pulled off.

In the shelter with a side on orientation only one rear door was blown off.
Additionally the bolts holding the two cam followers nearest the Shelter center
line on both front doors broke. The bolts holding the rest of the cam followers
and blast deflector plates yielded as evidenced by loose washers and loose blast
deflector plates.

The next two Figures depict the peak internal overpressures. In the shelter
with the rear-on-exposure, pressure varied from .6 to 1.4 psi.
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2 SEP 81 INTERNAL PRESSURE ISOBAR CHART

x~l

Figure 6

In the shelter with the side on orientation, internal overpressure ranged only
from .2 to .6 psi.



2 SEP 81 INTERNAL PRESSURE ISOBAR CHART

Figure 7

As far as dandge to the taxiways went it was minimal. The taxiway that was the
closest to ground zero sustained only two small 1/8" wide cracks and the other
taxiway sustained no damage at all.

S] The second externa] event took place on 7 October 1981.

This was also a 120 ton ANFO charge oriented to provide 15 psi overpressure and490 psi-ms impulse on the front of one shelter as shown in Figure 8.
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7 OCTOBER 1961

o 240,000 LBS ANFO

* 15 psi SHELTER A FRONT-ONA

* 7.0 psi SHELTER $B OLIQUE

* 14019 AIRCRAFT IN EACH SHELTER

*0Z3

IS psi EQUATES TO A no OF a WI /3 FOR A SURFACE EXPLOSION

IS psi EQUATES TO A 00 OF 5 WI /3 FOR A CON (AINED EXPLOSIONI Figure 8

Overpressure readings were higher on this event averaging 17 psi on the front
of the shelter with an average impulse of 487 psi-ms. The free-field

~ ( blast environment for this event is shown in Figure 9.

DISTANT RUNNER 7 OCT 81 BLAST
ENVIRONMENT

a 17 PSI AT 460FEET
* 0DK FACTOR Of7.7
9 FRONT DOOR DAMAGED

*EXHAUST PORT DOORS

FAILED (SHELTER A)C
0NO DAMAGE TO

SHELTER WALLS

30

PAVIMENT K4 SHE TEAK?.?

Figure 9
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Damage to the arch was slight with only some chipping of the concrete noted
along the front edge of the arch. Even though the rear doors had been welded
back into place after the 1st event, this shot caused some welds to be broken
on one of the doors while the other one failed completely.

The front doors of the nearest shelter received considerable damage from the
blast. The tops of the shelter doors were bent and approximately 18 inches and
buckling was noted in the supporting truss work. All of the bolts holding the
cam followers and blast deflector shields failed in fact, both front doors
moved outward, that is toward GZ, approximately N4-16 inches.

Internal peak positive pressure ranged from .4 to 1.1 psi as shown in Figure 10.

7 OCT 81 INTERNAL PRESSURE ISOBAR CHART

1.0 .9 J8 , .6 ,5 . 4 . 7

Figure 10
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Visible damage to the taxiway was minimal, only slight buckling anda couple of
thin cracks were seen, there was a permanent displacement of 1.08 inches down
at th" end of the taxiway nearest GZ.
There were no significant observations on the shelter or taxiway, receiving

the oblique blast effects from th"- -vent.

As a result of these two exterral events the following conclusions were reached.

(1) The shelters are capable of withstanding overpressures of approximately
17.6 psi which equates to Q.D. of 7.7.

(2) The exhaust port doors failed at Q.D. of 8.8.

(3) Pressure buildup inside the shelters was generally below 1.6 psi.

(4) The front doors in all cases remained intact and movable,
however, they sustained moderate damage.

(5) Taxiway/runway pavement damage was negligible.

Next we come to the three internal events - these events were designed to deter-
mine the blast attenuation characteristics of the third generation aircraft
shelters.

The smallest event took place on 6 Nov 1981.

In this test four AIM-9 warheads, 42 lbs net explosive weight, were detonated.
This simulated the detonation of a weapons load for an aircraft loaded with air-
to-air weapons. As shown in Figure 11 the warheads were located in the shelter
as if they were on a plane. Detonating of all warheads was simultaneous.

6 NOVEMBER 1981

4 AIM-9 AIR TO AIR MISSILES
(42 LBS NEW)

GZ1
SHELTER A

-- 2 AN 9 WAMEAD-S

EULAIED 2 OFF Ft100

2 AM 9 WAS0.CADS ,E

RL"AMD 2" OFF FLOM

KEAA WALL OF PIELTER ,

Figure 11
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Damage to the shelter arch was minimal-. Shrapnel from the warheadsspa1lled the
sheiter floor and dented and penetrytid the rear doors. The front doors were -
puished forward approximately 21 feet.

External free field peak overpressure levels are shown on Figure 12.

DISTANT RUNNER 6 NOV 81 BLAST
ENVIRONMENT

"* MINIMAL DAMAGE TO ARCH
WALLS

"* FRONT DOORS MOVED OUT
21 FEET

"* EXHAUST PORT DOOR
INTACT C (

Figure 12
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The next internal event in size took place on 28 Oct 1961. In thisStest 12 W•-82 bombs totaling 2,119 ý Us of *ti O~ e , d~aoded inside
a shelter. The test configuratton Is shwmn i•llift i$

28 OCTOSER 1981

* 12 MK-82 BOMBS
(2292 LB NEW)

* FIOIB AIRCIAFT PARKED IN SHELTER

0Z4

CENlR• LVN S 3 V .- '02'

I M- 62's I SHELTER It
3 #4K.62'o

RIAN WALL OF€ PIELTER --- oUCETIAqr k.tNAl fANJ view LTURFLOOP

wI CTION A- A

Figure 13

These bombs, which represented a typical air-to-ground sortie load, were placed
under a F1O1B aircraft in a typical load configuration. Actual weapons and aS~plane were used in order to evaluate debris patterns accurately. The purpose of

this event was to investigate the blast pressure and debris hazards created by
an accidental explosion in the shelter. This event also served to test a proto-
type weapons storage vault which had been emplaced inside the shelter. (Nodamage to the vault or its contents was evident. A final report on the weaponsstorage vault will be issued by the Air Force Weapons Laboratory.)

As a result of this test the shelter was completely destroyed. A preliminary

review of high speed technical photography indicated the following sequence of
events.

The explosion first caused all the doors to fail. Next, the arch was lifted and
separated from the foundation at their interface. As it was lifted the two
halves of the arch separated at the crown and were propelled outward before
breaking up. Large sections of the arch were thrown horizontally approximately
200 feet.
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DOSTANT RUN0 S T 81 -UL ASI'
ENVIRONMENT

If

ono

- (U
Figure 14

Figure 14 depicts the free field overpressure from the event. In general, at
the sime range, higher peak overpressures occurred at the front and sides of the
shelter than at the rear. The relatively lower overpressures in the free field
to the rear of the shelter were probably due to the protection provided by the
massive blast deflector and generator room at the rear of the shelter.

As debris is also a major contributor to QD determination, a debris survey was
conducted following the event. As this specific effort will be reported on by
Dr. Jerry Ward of NSWC in a separate paper Figure 15 depicting the large debris
map is all that will be shown here. The maximum range of 1722 feet of surveyed
debris on this event was for a section of ring beam weighing 355 lbs.
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DISTANT RUNNE 28 OCT S1 - LARGE
DEBRIS MAP

amm

Figure 15

The last internal event occurred on 18 November 1981. In this test 48 WK-82
general purpose bombs totaling 9168 lbs. were detonated inside the remaining
shelter. Twelve of the bombs were positioned beneath an FlOl aircraft to simi.-
late an aircraft loaded with air-to-ground munitions. The other 36 bombs were
positioned near the airplane and at the front corners of the shelter (as shown
in Figure 16) to simulate additional weapons also stored within the shelter.
Again the purpose of the test was to investigate external blast pressure and
debris hazards caused by the accidental simultaneous detonation of explosives
stored inside an aircraft shelter.
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18 NOVEMBER 1981

9 48 MK-82 BOMBS
19168 LB NEW)

9 Fl 01 B AIRCRAFT PARKED IN SHELTER GZS

tam..'.SHELTER A

of INK '.

INK-a'
INK-a's-

cuuW" WAL OF- saM

MAN M.~NL

Figure 16

The shelter was completely destroyed. Again the front doors were the first to
fall followed by the rear blast deflector doors and theii the personnel access
door. Next the arch failed at the foundation interface and at the crown at
approximately the same time. The two halves of the arch were propelled outward
horizontally before breaking up.
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Figure 17 show four peak pressure isobars for the freefleld, The 10 psi, '
psi, and 1.2 psi isobars were not extended to the northwest side of the shelter
due to a lack of gages in that area.

DISTANT RUNNER 18 NOV SI - BLAST
ENVIRONMENT

AftA

IJI

Figure 17

Pressures to the side of the shelter were again generally higher than either to
the front or rear. As far as debris was concerned the shelter broke up in many
large parts with a fairly uniform pattern. Putting all three internal events
together the following conclusions are evident:

First-the shelter will contain an accidental explosion of a typical air-to-
air sortie load.

Secondly there appears to be a slight overpressure suppression to the front and

rear of the shelter, however, there also appears to be anvoverpressure enhan-
cement on the side of the shelter opposite the personnel door largely due to the
shelter failure mode.

And lastly there appears to be a significant debris hazard.
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Figure 18 combines the results of the 5 events together ond translates
them into recommended changes to the safety quantity distance factors.

DISTANT RUNNER TEST
PROGRAM - RECOMMENDATIONS

RECOMMENDED QD CAITERIA

MECOMMUMOID

EXPLOSIE PROTSCTED EXIsTING RICOMMENO"D SEPARATION
SIT* SITE Go 00 OIMANCE

EXftLOS01 STORAGE AIRCRAFT S•ELTER 3*WI/3 9 WI *S. 334 11 0 M
IGLOO 170.000 L.
'1326,5O RG0 TNT)

EXPLO SIVSiN OPEN AIRCRAFT HIELTSI 30 1/$ S W
1

'
3  

r71 FT P4)1 "1
STORAGE 4100,000 L4
14,,4•0 no) TNT)

EXPLOSIVE STORAGE TAIIWIAVRUNWAV 18•W
1 3  

4W/
13  

ago FT 479 0)

iGLOO 312".000 L6
4120.000 KG) TNT)

EXPLOSIVES iN TAXIWAT/RUfWAY is W,
1 3  

4WI/
3  

16• FT 167 M)

OPEK STORAGE

1100.000 L2
14..000 KU) INTI

AIACRAFT SHELTIR OCCUPIEO 40W1/
3  

40W
1

/3- 640 FT 1167 M)

ii.253 LS 11.040 KGI ITNT)

TRITOWAL 12,090 1. TNTIl

AIRCRAFT 6IIITEM OCCUPIEO 40 W
1

'
3  

40 W
1 

/
3

,. S72 FT 41"4 MI

MISS.1 L9 I4,1% KG) (TNri
TAFPOIWAL 0.2110 L6 TATI)

"REDUCTION iN 00 SILO• 0 W
1 

/S IS MASED Ol ASIULTS OF 6"L TE1TING Of "APOSIVE iTORAGE 5GLOOS

*PENOING PINAL 0El3M ANALYSIS RESULTS

Figure 18

Note the significant decreases recommended as a result of the
external explosive tests.

On the other hand no change of QD factors involving the suppression capability
of the shelters is recommended pending a detailed review of the debris hazard.

These recommendations are ONA's, the decision authority of course rests with the
DoD Explosive Safety Board.

As a final footnote to this entire test series: several actions have already
happened as a direct result of these 5 events.

First-in February 1982 the DODESB changed the QD factors for munitions
storage area: to A/C shelters from Km30 to K-5 for storage igloos and K-8 from
open storage sites.

Additionally the U.S. has presented a working paper to NATO Subgroup AC/258
recommending similar changes to NATO standards.

On the structural side--the AF Engineering & Services Center is reviewing for
possible modification.
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1. The shelter foundation to arch bond

2. The possible use of shorter ring beams

3. Redesign of exhaust post doors

4. Redesign of exhaust deflector

5. Use of higher strength bolts on blast deflector.

6. Possible elimination of horizontal guide rollers.

In sumiary, this test series has been highly beneficial to everybody concerned

and the results will be felt for years to come.
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DISTANT RUNNER - DEBRIS RECOV•RY AND

ANALYSIS PROGRAM FOR EVENTS 4 AND 5

SUMM4ARY

This paper presents the results of the debris collection and analysis
program for Events 4 and 5 of Operation DISTANT RUNNER. The program objective
was to provide adequate empirical debris data to assess/revise the current
quantity-diiance (Q-D) criteria (debris effects) for the Air Force third-
generation hardened aircraft shelter used by NATO forceG in Europe. Debris
patterns produced by detonations within the shelter vere determined and
debris impact energies were evaluated to meet this objective

The following aspects of the debris collection and analylis rogram are
discussed: Predictions for confined-explosion gas pressures, inte al/external
airblast, initial debris velocities, and debris impact ranges; Test . tup and
Procedures for ground pickup/survey of debris and for fiberboard bundl debris
collection; Debris Data Base Summar• of the extensive collection of data
acquired during the tests including weight/dimensione/location measurements
(estimates) for more than 7900 pieces of debris plus locations for more than
8400 pieces of debris determined by photogrammetric analysis of aerial photos;
Discussion of Results for the comparison between predicted and measured values
for initial debris velocities, the estimates of debris shape factors, the
evaluations of debris numbers (or size, weight) and areal distributions, and
the determination of debris hazard ranges; Conclusions from the predictions/
tests/analyses. ufh

The debris hazard ranges (in units of ft where W is the explosive weight
in lb) were determined from the test data to be (for each orientation of the
shelter): front -- 50WI/3, side -- 62WI/ 3 , and rear -- 40W1/ 3 . The hazard
was controlled by debris with a weight greater than or equal to 0.3 lbs.

Debris collection by fiberboard bundle-i (vertical targets) was unsatis-
factory. Insufficient data were acquired for the costs/time incurred to
set up the bundle collection array.
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DISTANT RUI ito the I of a ftve eveat high explosiei toot setime
conducted by Yi.ld Cosmd, fDetfese Nuclear Aagnqy (IdM) at, the Whtte boAsd
Missile Rangs (WStl) QUMEN 15, *its durn the p*ktod August tbrough Deomber 1981.

Ate test series is part of the Defense Nuclear Agency's Theater Nuclear Forces
! ¶Survivability, Security, and Safety Program.

An overview of the planned teot program wos presented at the 1980 Explosives
Safety Seminar. 1 Overall results and conclusi.ns obtained from the test
results ind analyses are presented in the first paper in the present technical
session. Detailed results from eats and analyses were presented at the
DISTANT RUNNER Results Symposium.

Event 1 of the explosion test series exposed one (designated A) of two

full-size Air Force, third generation, hardened aircraft shelters to an
internal pressure and fragmee-t loadiug created by the detonation of 42 lb of
explosives (rn-1) inside the shelter. The explosion source was four AIM-9
(SIDEWINDER) warheads. Event 2 exposed both shelters to 15 psi peak overpressure
and a positive phase impulse of 490 psi-ms from 120 tons of ammonium nitrate
fuel oil (ANFO). Event 3 re-exposed one shelter (designated A) to 15 psi and
the other shelter (designated B) to 7.8 psi peak overpressure. The ANVO explo-
sive yield was again 120 tons.

SFollowing the above "pre-conditioning" events, Events 4 and 5, the subject

of this paper, were Included in the DISTANT RUNER program to investigate the
capability of the shelter designs to withstand inteinal pressure loadings.

Figure 1 gives an external view of the reinforced concrete shelter in the test
configuration with the dyed concrete arch sections. The outside surface of the
structure is bare concrete whereas the inside surface is covered will spall
plates.

Event 4 exposed one shelter (designated B) to an internal pressure loading
generated by the simultaneous detonation of twelve MH 82 bombs (explosive weight
2292 lb TRITONAL) inside the shelter. The bombs were positioned below an
obsolete aircraft (RF 101C) to represent a loaded aircraft.

Event 5 exposed the other shelter (designated A) to an internal pressure
loading created by the simultaneous detonation of forty-eight MK 82 bombs
(explosive weight - 9168 lb TRITONAL) inside the shelter. Twenty-four of the
bombs were positioned below an RF IOIC to represent a fixlly loaded aircraft
whereas the other twenty-four bombs were placed near the front doors of the
shelter in groups of twelve each to represent separate trailer loads of bombs.

1LTCOL R. A. Flory, "DISTANT RUNNER," Minutes of the 19th Explosives Safety
Seminar, DOD Explosives Safety Board, Washington, DC, Sep 1980.

2 LTCOL R. A. Flory, "DISTANT RUNNER Results," Minutes of the 20th Explosives
Safety Seminar, DOD Explosives Safety Board, Washington, DC, Aug 1982.

3 LTCOL R. Bousek, et el, "Proceedings of the DISTANT RUNNER Results Symposium
27 through 28 April 1982," POR 7063, Defense Nuclear Agency, Washington, DC.
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£vntS xoge the other swvwu m (dggatod A) to an internal presmir*
load:ing crested by the *lmltansous dtst"tIOU Of fortY-eight IIK 82 bombs(explosiv, welaht - 9168 lb TRIt~aL) laade the shelter. Tventy-foqr of thebombes me positioned Wolw W IF 101c to repwe~mt & fully od ertt
*Uswa tbm other tvmutY-f~woW~~bs wet placed near the frout doors of the
shelter in g"UpS Of "VIVOe eA* to xoPr0SCt*GW apase trailer loads of bmb.
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PIDICTIONS

Calculations were performad to dotatrmai the caftd-expwloold I" ,-
pressure* generatlon/decay and the Internal/ex eradl aiwbllst!4msoir~himt.
These computations wdre coed to predict initial wall (debrs) ,velocities by
considering impulse contributions from the quasi-static pressufe getaration/
decay (O_-S) and from the reflected shock (IR) produced by each bomb cluster
located Inside the shelters. The velocity components were doterftnedfotm
each impulse component using the expression:

v - gu/

where v - velocity, ft/e

g - gravitational constant, 32.2 ftis 2

I - impulse, lb-s/ft
2

w - shelter wall areal weight density, lb/ft 2

The wall areal weight densities for the front door. side (arch) wall, and the
rear wall are 152, 350, and 263 lb/ft 2 , respectively. An additional velocity
component (due to spalling) was considered for regions on the inside shelter
wall at wbich the reflected pressures were computed to be greater than three
times the tensile strength of concrete (-400 psi). The spell velocity
contribution was estimated to be vY yR where vR is the wall velocity component
corresponding to the reflected impulse contribution.

The following comments concerning the debris velocity prediction model are
in order:

(1) The higher blast loading in the corners of the shelter were not
considered.

(2) Debris ejection that would occur as doors open (such as the shelter
front doors) or as sections of the walls separate were not considered.

(3) Only single values for velocity (average) and launch angle (surface
normal) were considered at selected points on the shelter, not
distributions.

The debris velocity prediction wizoel was used for determining average
values for initial wall (debris) motion. Using these velocity vaiues ab
inputs, trajectory calculations were performed to determine impact ranges for
various Cebris weights launched from selected locations on the shelter.
Predictions of areal densities following the internal explosion events were
beyond the scope of this effort.

The confined-explosion gas pressure is the peak value of tl-d long-duration
quasi-static (Q-S) pressure vhich exists in a confining compartment following
all of the reverberations of the shock waves produced by the explosion inside
the compartment.

4

"Proctor, J. F., "Internal Blast Damage Mechanisms Computer Program," Naval
Ordnance Laboratory, NOLTR 72-231, AD 759002, Silver Spring, ND 20910 (Aus 1972).
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1iguw ' 2 presents the bomb cluster locations Ino$.de the shelter*s ad the
shelter Geem,41ate systaft (note looat"*q of (x, Y, 2) OV41M)) Vi: both aseate.
rifty-eigt gidW points were deflame an the aircraft ehelter for the povepoes
of GetabliShMSa a "SptiAl d1tistU±ttoQ f*V the initiAl Ve30Cit14e of the ehelter
debris. The pWSA paints are identified ft Figure 3.

Conf ined-3aj~jjoeu Ga PnMA4.r

The confined explosion gas preosurls aud subsequont decars were estim~ted
usug$ the methods developed b7 Proctor.* The FORT3AN computer code INSLAS4
(Combustion with Venting opt~ionk) was used for these computations. The Input
data required and the calculated results are summarized in Table 1 for both
events.

Referring to the entries in Table 1, the MK 82 bovabs were loaded (191 lb
each) with TRITOk4AL (TNT/Al, 80!20). The explosion gas products were assumed
to expand to the entire shelter volume before any %ppreciable venting occurred.
The W/V explosion loading wae determined by dividing the charge weight by the
shelter volume. The vent area for both events was testimazed to be equal to
the sue of the areas for all exhaust ports pius the areas for the pe-raotuel
door, rear door, and the front doors; that Is. all dooi-a werri assumed to have
opened instantaneously. The confined-explosirna San pressures and vent times
are the outputs from the INBLA3 frogLam. The "quaai-ststic" impulses (Itj-S.)
were determined bv integrating the quasi-ctatir. pressures over the duration
of the tine-dependent venting. Trhe "quasi-st~tic~' ,all velocity (v0..5)
components were obtaitted f vow the 1Q-S contributions as deacribed a1~ove.

InternalllExternal hAirblaet

The blast environmunts fore both events were determined using the methods(
of the Unified Theory of Explosions (UTE) developed by Porsel.5 The computer
program UrriMc 5 and calculator program UTh* were used to compute the blact
environment paraMeters (side-on premsure (PS), reflected pressure (?R). and
reflected impulge (IR)) as fuinctions of range. Separate calculationza %are muide
for each bomb arrangement used inside the shelter for both events (see Figure 2):

(a) a three-bomb cluster, (b) a six-bomb cluster. (c) a twelve-bomb cluster,
(also the total load for Eveut 4) andi (d) a forty-eight bomb cluster (total
load for Event 5). The required input data for UTEDMtG (or MT) include atmos-
pheric. pressure and density (test site conditions - 4200 ft altitudt), explosive
weight (191 lb TRITONAL per bomb), TNT equivalent (1.07), case weight (311 lb
per bomb) and ground surface reflection caefficient (2.0).

Some of the airblast results f a: inside the shelter are displayed in Figure 4;
reflected pressure Is presented as a function of range for the three-. six-,
and twelve-bomb clusters loested inside the shelters. Debric velocity results
based on the reflected impulse Imparted by the Reparate bomb clusters at each
wall grid location (ate figure 3) were obtained from these airblias catclitt2midni.

5 Porzel, F. U., "Introducticn, to a Unified Theory of Explosions," Navstl
Ordnance Laboratory, WOLTR 72-209. Sep 1972.

BASIC program UTEUEC warn programmed for the HP-41C hand held calcultetr by
R. A. Lorelft of NSU.M



eatimateg of airblaset beyond the coofilose of the shelter Were required in
order to design the stands for the vertical targets (fiberboard bundles) used
to collect the debris. The external side-on preossure-distance curves for the
events as coeputed by UTZ for twelve bombs (Event 4) and fort7-e4ght bombs
(Event 5) are presented in r1gure 5. The mas" effect of the shelter we" not
included In the pressr•e-dlstaje remslte presemted In liari 3. nor should
it be, because the shelter material was not in intimate contact (idiate
surround) with the exploesve as wee the warhead ease material. H.owmer, the
results are based on the a5mption that the shelter does break up so as to
not contain the Internal explosion.

InalU I Debrwis VeloI:ty

Initial debris velocities coo~uted for the grid points designated in
Fi&%re 3 are presented In Table 2 for Event 5. The velocities listed in this
table are determined as follows

-_I -- The "quasi-static" velocities are given by Table I for each
wall (front, aide, and rear) and for each event.

EvR The sum of the "reflected-impulse" velocities Is obtained by
iJ evaluating the debris velocity functions determined for each

bomb cluster in each event at the appropriate distance to the
specific wall and sm Ing the contributions.

vT " v.-S + EvR -- The total velocity (without spalling)

v S " VQS + (1+,A) EvR1 j -- The total velocity (with spalliUng)

is included at those grid point locations (Event 5) where
the reflected pressure (PR) exceeds 1200 psi (three times
the tensile strength of concrete). Predictions indicated
that spalling would not occur for Event 4.

Debris Impact Range

The total velocities vT (or v , where appropriate) such as given in Table 2
for Event 5 ware used as itial velocities for trajectory calculations to
obtain estimates of debris impact ranges. Computer program TRAJ was used with
the following range of irput parameters at the shelter grid locations shown in
Figure 3.

Debris weights (w/o spalling), lb: 0.1 - 100.0

Debris weights (w/spalling), lb: 0.01 - 10.0

Debrib drag areas, ft 2 : A - (M/(Bp ))2/3 { B - shape factor - 1/3 and

Drag coefficient: CD - 1.0 fc - concrete density

Initial debri.s coordinates and launch angles correspond to the grid points
in Figure 3.

Initial debris velocities are taken from computed results such as Table 2
for Event 5.

6porzel, F. B, "Technology Base of the Navy Eaplosives Safety Improvement

Program," Minutes of the 19th Explosives Safety Seminar, DOD Explosives Safety
Board, Washington, DC, Sep 1980.
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twig ODL~U O5" TM3 It!UP Pt0(IES

Tsc ection tout setups f vents 4 ad 5 are ahowe che-C
IttcZ• n ll i 6I if lli~ldill(Slir)S W5e the detjeinal sit. it

for Evelt 4 and ahelter A was the detonation site for Event ,.

Thrse 30 recovery sectors (for collecting debris in the gro'hd surface
plane) for each *vast were prepared by We. The preparation of these
sectors Included surveying, clearing, marking in 50 ft Increments, oad spraying
with a dust suppressent. The sectors ranged between 30 ft frimqthe shelter
walls to a distance from the shelter walls equival6nt to 50 V ft where W is
the explosive weight for the event in lb. however, debris recovery was not
conducted in the close-in region* of the sectors because of the massive
quantities and sizes of the debris in these areas. The extent of the recovery
operations for each of the 50 recovery areas is indicated in the figures,

Tar-impregnated fiberboard bundles were erected at the test site as vertical
targets for collecting debris.* For Event 4 nine double-width bundles were
located at radii of 150 ft, 250 ft, and 350 ft (from the center of the shelter)
out from and facing the front door, side wall, and rear wall (see Figure 6).
Each double bundle provided a frontal target area of 64 ft 2 with a depth of
3 ft (72 fiberboard panels). Fifteen multiple bundles were erected at the
test site for Event 5 (see Figure 7). Multiple bundles 015 and #18 had four
bundles side-by-side giving each a frontal target area of 128 ft 2 vith a depth
of 3 ft. The other bundles used in Event 5 were of the s*ma double bundle
construction as used for Event 4. Note In Figure 7 that bundles numbered 1, 2.
and 3 were not used -- they would have been assigned locations out radially
from the front door; however, they were eliminated because of the expected
response of the front door and their (bundle) probable destruction.

The camera stations that provided the photographic data for the debris (
analysis are also included in Figures 5 and 7. The ground-based technical
and documentary photography was furnished by WSHR. Aerial technical and
documentary photography was provided by Williamson Aircraft.

All debris that was collected in each 50 recovery area and each fiberboard
bundle that had a weight greater than or equal to 0.3 lb** was individually
weighed, measured (length, width, and thickness dimensions) and identified as
to source (whether bomb, aircraft, Dr shelter). The shelter debris was further
identified as either specific spall plate material, rebar, or concrete with
a particular dye color. Debris collected in the 50 ft intervals of the 50
sectors with individual weights less the 0.3 lb were weighed as a group and

Experience has shown 7 that fiberboard target damage (such as penitration) is
not a reliable estimate of penetrator impact energy at the personnel hazard
criteriou level (58 ft-lb).

For some of the debris recovery conducted during Event 4, a 0.1 lb weight
value was used instead of 0.3 lb.

7Ward, J. M. and Porzel, F. B., "TOKAHAWK and HARPOON Acceptable Hazard
Handling Arcs," Naval Surface Weapons Center, NSWC TR 80-211, 11 Feb 1982.
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counted. * The cutoff size for the smallest debris collected was determined by
the rake tooth spacing (1.25 in) used to sweep the recovery area. All debris
collected in the 50 sectors (with the exception of larger debris weighing more
than 10-20 lb thit was surveyed in place) was transported from the WSa2 test
site to TERA, New Mexico Tech in Socorro, New Mexico for evaluation. The debrir2
were placed in a storage area at TERA following the evaluation.

A limted 3600 ground survey of major debris was conducted out to a range
of about 2000 ft. A thorough ground survey of all debris surrounding the shelters
was beyond the scope of this program. Large pieces of debris (for exmple,
portions of the shelter wall) were located by more than one survey point. The
following ground rules were used for selecting debris to be surveyed followtng
each event.

(a) Substantial portions of the structure - multiple survey points

(b) Debris in the 50 sectors with a weight greater than 10-20 lb

(c) Aircraft debris beyond about 300 ft range

(d) Bomb debris outside the 50 sectors

(e) Debris that defined the maximum impact ranges for its class (for
example, red concrete was surveyed at its maximum impact range)

(f) Debris of a unique nature (such as the ring beams that were launched
from the arch/front-door interface)

!I

For Event 5 this smaller debris, less than 0.3 Ib individual weight, was
further broken down as to class of debris (whether bomb, aircraft, or specific
shelter material) and then weighed as sub-groups and counted.
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DEUOS DATA BASE SUMUAT

Plow we toe publisb a msas detailed tWech acl report ead a 6qpWaO8 C
debris daa boe rVpert at a later date. The data collected will be deftme
and sumearlsed have. •

The debris* collected for the events are classified according to somen-
€latore such" s agives, Table 3 for zvent 5. The debris categories apply
to debris eolUeted/eurvoyed In the fiberboard bundles, 50 recovery Sactors.
and the M3 ground eurvey..

Thirty-seven pieces of debris were collected from the fiberboard bundles
for Event 5. The bundles containing the debris data for Event 4 were destroyed
by fIre during Event 5.

The debris data collected from the 50 sectors for Events 4 and 5 are
sumarised In Tables 4 and 5. These tables also define the coordinates,
ranges, and label* for the 50 ft increments within the 50 sectors. Table 6
gives a saWple listing from the data base for sub-sector S-9 (side 50 sector
for Event 4, range 661 ft to 711 it). Note in Table 6 that 62 pieces of debris
weighing a total of 3.6 lb were recovered and that 15 pieces of debris greater
than 0.1 lb were recovered. The larger debris ere identified by number,
descriptor, weight, and dimensions (length, width, and thickness). Also,
comments, where appropriate are included. Debris number (or size/weight)
distributions were determined for the concrete debris collected in the 50
sectors. The overall number distributions for the events are presented in
Figures 8 and 9. The data base also contains separate distributions (data
plus the fitted curves) for each 5 sector and each sub-sector (50 ft interval)
for both events. The distribution function used and the manner in which the
d4ta were reduced ore described in the DISCUSSIOW OF RESULTS section of this (
paper.,•

The debris located by single survey points during the 3600 ground survey
are presented in Figures 10 (Event 4) and 11 (Event 5) whereas the debris
located by multiple survey points are presented In Figures 12 and 13 for these
events. A few comments are In order n.oncerning these figures (termed missile
maps): (1) The units for range are feet and the units for angle are degrees.
(2) The tero degree line for the maps is directed along the centerline of the
shelter towards the rear of the shelter and positive angles are measured
counterclockwise. (3) The craters from external Events 2 and 3 were added to
the missile maps for Event 5 (Figures 11 and 13). (4) The 3600 ground survey
shown in Figure 11 (for Event 5) was not as thorough for the 1800 on the south-
east side of shelter A (see Figure 7) because of the presence of the debris
generated by Event 4 in this region.

Kissile maps can be generated from the data base for any debris classi-
flation such as listed in Table 3. Further restrictions can be applied to
resýrlct angles, ranges, and masses covered. For each missile map there is
a coro-espondinS listing that describes the debris plotted. For example,
Figure 14 shows the Event 4 MIl (ring beam - see Table 3) missile map for

The toris fragments and missiles are used In the data base computer printouts
in plac, t of the term debris.
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0-2000 ft range (in 1000 ft Incremmsts) and for 0-360o angle (300 incre~ts).
Table 7 lives the corresponding listing debcribfng the HS1 debris plVtted. -
Figure 14.

Pbotogrammstric analyses of the aerial photos taken by Willianson Aircraft
following Events 4 and 5 were performed by the Naval IntellIgesce Support Center
(NISC) as a separate method (Independent of the 600 ground survey) for geaner-
ating debris dispersion patterns for each event. The debris dispersion was
analyzed for Impact distances ranging between approximately 120 ft and 1000 ft
from the detonation site for each event. The debris weore characterised by
various size intervals based on their (debris) maaxim dimension. The sevon
debris asoe intervals selected for the analysis are defined in Table 8 along
with corresponding numbers of deoris items located. The debris characterized
by the largest msie interval ('mazimum dimenslon 90 ft and larger) are outlined
along their perimeters by multiple coordinates. Separate missile saps (and
the associated coordinate listings) are available In the date base for each
debris sioe interval.

(Table 9 presents an overall numerical sumary of the debris characterized
in the debris data base. For the 5 recovery sectors, the variables ni in
Table 9 have the following definitions: n1 - number of debris pieces in sector
with weight less than 0.3 lb, n2 - number of debris pieces in sector with
weight greater than or equal to 0.3 lb but generally less than 10-20 lb, and

n3 - number of debris pieces in sector located during the 3600 ground survey
(generally. 10-20 lb or greater in weight).

A

The photogrammtric analysis for Event 4 was for a full 3600 coverage.
However, the photogrammetric analysis for Event 5 was not as thorough for
the 1800 sector southeast of shelter A (see Figure 7) because of the presence
of debris in this region generated by Event 4.

This size interval is similar to the large debris that was located by
multiple survey points in the 3600 ground survey.

1847.
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DISCUMSSION OF RSULTS

Table 10 gives the predicted and meaeured wall debris velocities for both
events. The predicted valtes given in Table 10 summarize the values computed
for the individual grid points that are distributed over the shelter uwfisce
(sea Figure 3 and Table 2 (Event 5)). For rvent 4,. the measured vail debris
velocity for the front door was twice that predicted whereas the compaiesous
between the predicted and measured values are fairly good for the side wall
and the rear wall debris velocities. No wall debris velocities could be
determined from the data films for Event 5. Several comments concerning the
measured initial wall debris velocities and their comparisons with the predicted
values are in order:

(1) The measured values for the front door debris velocity (Event 4)
should be higher than that predicted because of the venting that
undoubtedly occurred as the front doors opened up due to the internal
blast loading and debris were ejected. This mechanism was not
accounted for in the velocity model.

(2) For the front and rear wall debris velocity measurements (Event 4),
most of the debris observed in the data films appeared to travel
parallel to the ground surface (which is in a direction normal to the
wall surface). There was a distribution in debris velocity; however,
only the velocities measured for the massive quantities of debris are
listed in Table 10.

(3) The side wall debris velocity measurement (Event 4) used the measure-
ment of the maximum trajectory height for the large section of the
south wall (44.5 ft x 121 ft in dimensions) that impacted at a range
(for the center of gravity) of 220 ft. Using trajectory calculations
(for which drag was negligible), the initial velocity for this section
of the shelter arch was computed to have an initial velociLy of 60 ft/s.
An attempt to directly measure the initial velocity of this large
piece of debris using the data films produced ambiguous results because
of the motion about its center of gravity.

(4) The fireball and subsequent smoke/dust cloud obscured the field of view
in the data films before any wall debris measurements could be made
for Event 5.

(5) Individual pieces of debris, such as flashing and ring beams, were
observed in the data films for Events 4 and 5; however, their measured
velocity values do not provide useful data for evaluating the velocity
of debris directed towards the 50 recovery area sectors.

(6) Internal/external airblast and structural acceleration data (measure-
mants) were not available as of the writing of this paper for com-
parisons with values computed for the wall debris velocity predictions.
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Fiberboard Buwdle Debris Data

No debris collected by' the fiberboard bundles for Avant 4 survivedJ Ctest serries. FibeIrboard bundles 01, 2, and 3 ("s Fl~utsl O)•wmr* 401,0
Sby the motion of the f rout doors of shelter B during Event 4. 'For, fit is r bi

bundles 1, 2, and 3 were eliminated for'Event 5 (asse Figure 7).

Reforring back to Event 4, bundles 4. 5, 6, and 7 did collect a small
: amount of debris; however, these bundles were destroyed by fire when they
S~were re-used during Event 5.

"None of the debris collected in the fiberboard bundles in Event 5 were
viewed (and Identified) by cameras at impact --- so no time-of-arrival, average
velocity, nor initial velocity results are included in the debris data base.
There were not sufficient debris data collected by the fiberboard bundles toobtain mass or energy distributions for debris in the vertical (fiberboard
target) plane as a function of range.

5 0ecovery Sector Debris Data

The debris data collected from the 5 sectors are summarized in Tables 4
(Event 4) and 5 (Event 5). These data are displayed pictorially in Figures 15

and 16, respectively. Note in the figures that the debris are segregated into
two groups: those with weights less than 0.3 lb and those with weights greater
than or equal to 0.3 lb. The numbers of hazardous pieces of debris (NA) that
represent an acceptable risk in each of the 50 ft intervals for the 50 sectors
are also indicated in these figures.

The concrete debris data collected from the 5 sectors were evaluated as
to shape and (number/size/weight) distributions. The shape factor relating
the debris weight with a length dimension (or an area) was found to be B - 0.44(for the function (taken from Ref. 6)

M - Bpc L3 . BpcA3/2

where B - shape factor

pc - concrete weight density

L - debris length dimension
2

A - debris drag area. A - L

Using the above shape factor information, number distributions of the form
(taken from Ref. 6)

N - N eL/L

Swhere N - number of pieces of concrete debris with length greater than L

N - total number of pieces of concrete debris (determined by fit)

L - characteristic fragment dimension (determined by fit)

L - (M/(Bp))1/3

M - debris weight

were fitted to the debris data collected in the So sectors.
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Figures 8 and 9 prent tho number distributions for the debris
recovered '(but not the 3600 ground-surveyed debris) from the'50 sectors
for Events 4 and 5, respectively. Note that the fitted curves and the
data are plotted in the format

ln(N) - lUnI0)L

where the ordinate is logarithmic (natural) and the abscissa is linear.

Some comments concerning the shape factor and the distribution chosen
to reduce the data are in order.

(1) Table 11 gives the estimates for the concrete debris shape factor B
for each of the 50 sectors for both events along with the 90% confi-
dence limits. The 90X confidence limits give quite a spread in values.
This large spread indicates a wide variation in shapes for the
concrete debris. The "average" estimate for Event 5, B - 0.44, was
selected as the representative shape factor for the present evalu-
of the debris data for %vents 4 and 5. Associating a distribution
with the shape factor was beyond the scope of this investigation.

(2) The debris number distribution data displayed in Figures 8 and 9
show a dramatic deviation from the fitted curves for the larger
debris size, (L >5-7 in). There are two major contributions to this:

(a) The rebar spacing (15" for the rear wall, 12" for the side (arch)
wall, and 6" for the front doors) 1; one of the factors controlling
the breakup for the debris with dimensions on the order of 1/2
the rebar spacing or larger. A better fit to the debris distri-
bution should be bivariate with a change in slope for the
distribution at the debris length corresponding to 1/2 the rebar
spacing.

(b) The larger-sized debris characterized during the 3600 ground
aurvey that were located within the 50 sector boundaries were
not added to the 50 sector debris data base for the number
d.stribution fits given in Figures 8 and 9.*

3600 Ground Survey Debris Data

The maximum impact ranges surveyed for selected categories of debris are
sumarized in Table 12 for both events. The results in Table 12 provide some
indication of the maximum impact range for the debris generated by the two
events. However, missile maps (and their corresponding listings) available
in the debris data base (see, for example, Figures 10-.4 and Table 7) provide
a better method for displaying the debris dispersion for these events.

However, bot. 50 sector data and 3600 ground survey data are represented in
the results for numbers of debris located in the 50 sectors (see Tables 4
and 5 and Figures 15 and 16).
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Aerial Survey Debris Data

The Naval Intelligpance Support Center (NuSC) used photogrametric proce-
dures on aerial photos to deteo.uin the debris dispersion produced by Events
4 and 5.*

Aerial photography was obtained for altitudes varying from 300 to 600 ft.
The flight path pto ddoerewlkp; and sid1tp for an analytical triangulation
over the test area. There were seven flight lines (with 45 frames or camera
stations) for Event 4 and six flight lines (with 40 frames) for Event 5.

Control was furnished from a local (White Sands Missile Range) survey
of the area. A photogrameetric block adjustment program developed by NISC
was used to triangula..e the block coordinate system to the White Sands coordi-
nate system (WSTM). The absolute orientation solution was fit (in the least
squares sense) to the block solution. A single photo program computed the
position of the debris in terms of the local coordinate system by using the
camera station parameters determined from the block program.

The debris locations determined by the photogramnietric method are presented
in Figure 17 (Event 4) and Figure 18 (Event 5). The debris surveyed vary in
size from the order of 0.5 ft to greater than 20.0 ft in linear dimension. The
various debris size tntervals analyzed are listed in Table 8 along with the
corresponding numbers of debris located. Separate missile maps (and the
associated coordinate listings) for each debris size interval ere available
in the data base and Reference 8.

Several coments concerning the missile maps presented in Figures 17 and

18 are in order.

(1) The rectangular coordinates used in these figures are referenced to
the WSTM (survey performed by WSNR) control systam.

(2) Generally, the debris were surveyed between 120 ft and 1000 ft
except for come of the larger debris (maximum dimension 20.0 ft or
larger) that were located inside the 120 ft radius.

(3) Rough outlines of the larger debris (20.0 ft or larger - debris
size interval 07) were determined by multiple coordinates. The
number of debris points listed in Table 8 correspond to the total
number of these coordinates.

(4) The minimum debris dimension easily resolved was 0.5 ft that cor-
responds to a weight on the order of 8-10 lb.

The procedures, error analyses, and products for the photograumetric analysis
are presented ir more detail in Reference 8.

BManu, C., Mooney. F., Xastin, D.. and Yerkes, E., "Determination of Debris
Dispersion by Photogrammetric Procedures (DISTANT RUNNER Program), Final
Report," prepared for the Naval Surface Weapons Center, White Oak, by
Naval Intelligence Support Center, 6 April 1982.
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(5) An error malpiitudo of ±1.5 it wes assigned to &ll debris positions
in the single photo solution. This value was detewuined from a
comparison between the coordinates for the control points determined

by the ground survey and by the block survey (solution).

(6) The test site was not cleared the full 3600 for debris recovery.
IBcauoe of this some of the regions hed tall grass and scrub brush
cover. Also, crater ejecta (similar In appearance to debris in the
aerial photos) produced by El:ents 2 and 3 surrounded the two craters.
Identification of debris points in these regions was beyond the scope
of this photogrametric analysis.

(7) The distribution of dobris points in Figures 17 and 18 reflects the
msinimum range analyzed (120 ft), the outlines of the large pieces
of debris (20.0 ft or greater) and the regions of poor contrast for
identifying debris (tall grass, scrub brush, and Events 2/3 crater
ejects).

(8) A comparison between Figures 17/18 (photogrammetric survey) and
Figures 10/11 (ground survey) shows that the photogrammetric survey
was much more thorough. A more thorough ground survey was beyond
the scope of this program. Fot Events 4/5, the photogr-ametric survey
contained 5776/2691 debris points whereas the ground survey contained
521/1075 debris points. Also the photogrammetrlc survey was a much
smaller manhour effort (on the order of one-tenth) than the ground survey.
However, the ground survey identified/measured the debris whereas the
phototgraminetric survey only gave a size measure,

Hazard Evaluation for Debris Data

Trajectory calculations (computer program TRAJ 6 ) were used to evaluate
the impact energies of the debris collected in the 50 recovery area sectors.
The concrete debris were characterized in the following manner for these
calculations.

Debris drag area, ft 2 A - (M/(Bp ))2/3 with B - shale factor - 0.44

T vuDrag coefficient: C, = 0.5

The values for B and CD were updated (using the debris data) from the values
used for the debris trajectory predictions. The metal debris collected In the
recovery area were a-sessed to be hazardous/non-hazardous on a case-by-case
basis. Essentially all metal debris collected in the 50 sectors were evaluated
to be hazardous.

Trajectory ialculations for concrete debris indicated that debris with a
weight of 0.2 lb or greater are hazardous (or at least quite near 58 ft-lb)
upon impact out at the longer ranges of the recovery areas. Also, in some cases

Debris with this weight are characterized as having a drag area of 4 in 2

and require an impact velocity if 112 ft/s (as if dropped 'rom a height of
193 ft) to be hazardous (that is; E - 58 ft-lb).
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hJ41her Velosities thou that either predicted or mu*uA* (fr m + the
debris) are required to place the .3 lb debris Out at the far ra it at

K ) which they were collected.
"A limited parametric study was performed (over the velocity range 100-

1100 ft/s) to estimate the effect of variations In the param ee. used to
characteriSe the 0.3 lb debris. The scope of these variation is listed below.

SShape Yactor: B -0.,2 0.44, 0.7 with C. - 0.5

Drag Coefficient: C -02 . 0:4, 07 with - 0.44

At the impact ranges of interest (200 - 1100 ft) the above variation
4! produced debris impact energies from 20 - 30 ft-lb at close-in range (-200 ft)

to 50 - 60 ft-lb at mid range (-700 ft) and to 50 - 90 ft-lb at the far ranges
(850 to 1150 ft). A launch angle of 450 was used as an estimate of the launch
angle for maximum range (within about 102) -- this calculation gives the
minimum impact energy (note that this is not the maximum value but the minimum
value) for debris that arrives at that range.

Figures 19 (Event 4) and 20 (Event 5) present the normalized areal number
densities of debris with weights greater than or equal to 0.3 lb (N0 3 ) as
functions of range from the shelter walls. The number densities (NO 3 ) are
normalized with respect to the acceptable number of hazardous debris (N4) at
their respective ranges. Figures 19 and 20 (as do Figures 15 and 16) indicate
that the debris hazard range extends beyond ie 50 recovery sectors boundaries
oZ the front and side walls for both events.

'The areal debris distributions given in Figures 19 and 20 cannot be
extcapolated beyond the maximum range of the 50 sectors with any reasonable
confidence. For this reason the data were averaged (smoothed) in the following
manner.

I a The data in Figures 19 and 20 are presented in the form

(N0 3 )±lCNA)i vs R /W

where No0 3 and NA are evaluated for each 50 ft increment (i) in the
50 sectors, R is the distance (ft) from the appropriate shelter wall

, to the center of the 50 ft increment, and W is the explosive weight***
(lb) for the event.

The acceptable number of hazardous debris (NA) are the number of debris that
correspond to the areal density of one per 600 ft 2 (see Figures 15 and 16).

The debris hazard extends out to the range for which NO.3/NA < 1.0 in
Figures 19/20.

The explosive weights (W) used here are 2324 lb (Event 4) and 9241 lb
(Event 5) taken from Reference 9. These weights are the actural explosive
9weights including contributions of C-4 and PETN used in the initiation system.

9Swisdak, Jr., M. M., "Eirplosive Material. Quality Control and Boostering
System for DISTANT RUNNER," presei.ted at the DISTANT RUNNER Results
Symposium, 27-28 April 1982 (published in Ref. 3).
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e To siaowah 'the date thiy werore *rOop4d f .th fem.(

k j / k ~l£ 0o. 3 )i 1 A"i i NA / R1/(k1

for J - 1. 2. 3; ... k - number of 50 ft Increments iLn the 50 sector.

Thesa smoothed results are plottad in rigures 21 and 22. Both the data
and the fittad curves are presented in these figures. Nota In Figure 21
(Event 4) that no fit was made for the side 50 sector debris distribution.
The presenc* of the large portion of the south side wall that impacted at
220 ft In the side 50 sector area littered the recovery area rith secondary
debris from its breakup. This secondary debris appears to have greatly
influenced the debris areal distributions in this region. Because of this
secondary source for the bulk of the debris, the debris areal density does
not appear to decrease significantly as a function of rcage in this region.
A fit to these data was not deemed appropriate: the data themselves describe
the trend.

The fitted curves for the averaged areal number density distributions
were interpolated (and extrapolated) to determine the hazard ranges for the
three orientations of the shelters for both avents. These results are sum-
marized in Table 13. Note that for all orientations the debris hazard range
is estimated to be on the order of 40 W1/3 or greater. Except for the rearCwall results, the debris hazard renges are based on extrapolations of the fits
to the averaged areal number density distributions. Also it 3hould be pointed
out that a section of the front door (for ayent 5) estimated to weigh 26,000 lb
came to rest at a range of -1290 ft (62 WM/') from the shelter wall, well beyord
the hazard range determination of 50 W1/3 for this orientation of the shelter.

It should be noted that these hazard ranges do apply to a worst-case
explosion event: the MK 82 bombs in the aircraft shelters were detonated
Simultaneously (not sympathetically). Also the effects of debris breakup/
bouncing/rolling upon impact are not included in this evaluation.** Rowever,
there was no evidence in the dust suppressant that covered the 50 sector of
extensive rolling and bouncing of the debris at the far boundaries of the
sectors.

The results in Table 13 are presented in three significant figures for
purposes of comparison not e.u an indication of the precision of the results
obtained. The resultsa suprisingly, indiLate that the debris hazard ranges
scale quite well between the events.

The debris areal distribution for the side wall 50 sector (Event 4) did
appear to be geeatly influenced by breakup upon impact of a large section
of the side wall as pointed out earl'ker.
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The debris hazard ranges for each orientation of the airoraft shelter

were determined from the test data to be (in units of ft ubbre W is the
explosive weight in lb):

Front -- 50 V113 (62 W1/ 3 for a large debris piece. v*ent 5)

Side -- 62 W1 / 3

Rear 40 W/ 3

*These conclusions are based on the values presented in Table 13 £or Events 4
and 5. Note that hazardous debris do extend beyond the hasard ranges listed
above. The debris hazard out at the ranges of interest was found to be
controlled by debris with weight greater than or equal to 0.3 lb. For this
reason, the areal distributious for these debris were used to evaluate the
hazard ranges. Suprisingly, the debris hazard ranges appear to scale quite
vell between the two explosion events.

Fairly good comparisons were obtained hetween predicted and measured
values for the iAitiAl wall (debris) velocities (see Table 10). However. the
evaluation of the debris impacL energies did not require a detailed description
of the _`uitial velocities of the debris. What was required was a determination
of the minimum initial velocity required to traject the debris out to the
ranges of interest (>40 WI/ 3 ). As it turned out, 0.3 lb debris would be
hazardous (> 58 ft lb energy) upon impact at these ranges whereas 0.2 lb (or
less weight) debris would not for the minimum required initial velocities.

I The average shape factor for the concrete debria was found to be on the
order of B - 0.4 for both events (see Table 11); however, there is wide scatter
in the shape factor data that indicates that there is a wide variety of ehapes
for the concrete debris.

The debris size distributions shown in Figures 8 (Event 4) and 9 (Event 5)
do provide a good fit to the debris data in the range of debris size of interest
(0.3 lb - on the order of 2 in). A bivariate fit is required to represent the
debris data beyond the 5-7 inch size (4.8 - 14 lb weight).

The debris data base summarized in the paper represents an extensive
collection of debris data useful for investigating the shelter breakup. The
debris data base can be quite useful for evaluating the debris hazard ranges
for various levels of risk; that is, for different criteria for debris hazard
energies and areal densities.

Much additional work can be performed using tho debris data base for
analyzing the debris shape, number (or size/weight) and areal density
distributions. Useful comparisons between the ground and the aerial (photo-
grammetric) surveys can be made. Contours of debris areal densities can be
generated from the photogrammetric survey data.

Comparisons between predicted (reported herein) and measured values for
confined-explosion gas pressure gsneration/decay and internal/external
airblast will be perfoLuaed at a later date when the experimental data are
released.
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TABLE 1. CONFINED-EXPLOSION GAS PRESSURE INPUT DATA AND COMPUTED RESULTS

INPUT EVENT 4 EVENT 5
THITONAL WEIGHT, LB 2,292 9,16
SHELTER VOLUME, FT3 184,400 104,400
W/V EXPLOSION LOADING, LB/Fl13 0.012 0.060
VENT AREA, FT 2  1,875 1.875

RESULTS
CONFINED-EXPLOSION GAS PRESSURE, PSI 130 260
VENT TIME, s 0.117 0.12
0-S IMPULSE, PSI-s 4.3 8.0
FRONT DOOR O-S VELOCITY, FT/s 130 240

SIDE WALL Q-S VELOCITY, FT/s 56 106
REAR WALL 0-S VELOCITY, FT/s 75 140
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TABLE 2. INTIAL DORIG VELOCITIES COMUTED POR AIRCRAFT POILTIN GRID. FOPY- EVENT 5

hMORSPLECIMOVILOWTY YOVAL VILOOMY Wo0 IPALLO MSTOAL VIV0I iP UB
0040 UCOsT tIT 1. "~'it

Al D 6*41

141060 06.4

03 462.41PIL
844M.0 4016

REAsR WALL - 05114?A... VLOOCTV (Va.%1 140 PTM

DO 64.2 3042
Cl 96.141
ca 10.2 1012

ARCH -ou#414TATIC VGLOCITV WV0 4 ). IG 16 PII

020 121393

0 111 231.0 n16..~ 1126.0 2010 an?.
2. we016 216A
304.0 1Me Is"*

4 561 161.1 166.3
9 4.5 199.11 Sul1

2063. 174.3 33.0

2117 16 21111 07i

22 600 186.6 2141.4
24 ash 173.0 201.2
25 62.7 107.7 IIU7

40 Sol 160.6 161.0

41 99.4 164.4 16wo

42 61.9 160.2) 43 626 17
446260 167.0

62.3 107.3

so 56.9 164.3
*1 600. 1SLI0
a 6001 1011
63 6265 167.1
04 66.0 17060
46 66.7 1173.7

go 66.6 174.6 23w.

61 71.2 176.2 26.7

62 74.0 179.0 30.6
63 7X.6 170L6 210.3

64 GIL 173.6 2013
as 746 170.6 210.3

ISO 74.0 179.0 2m10.

102 60.2 i9G.2 2u3.6
144 91.2 196.2 2n4.0

106 hA 140.4 162.

120 56.1 140.1
121 67. *1I2.1t

122 04.1 1410.1
126 06.6 170.6
126 76.6 181.9(3) 1857



TAW & D3M ISR, CATMMIOA|I O VNT S

A a .ircrait pert

b b oomb fraglents

Ca a concrete - red dye
CAC a concrete - red dye - charred
CO a concrete - black dye
CPC a concrete - black dye * charred
CC a concrete - green dye
CGC a concrete - green Aye * charred

CY a concrete - yellow *yt

CYC a concrete - yellow dye charrea
CP a concrete - plein
CPC a concrete - Plain - Charred
CPP 8 concrete - plain - an outer rinqe piece of rear wall
CPF a concrete - plain - tooting o red dye outside surtace
CPR a concrete - plain - relnted red
CP8 a concrete - plain - Painted black
CPy a concrete - plain - painted yellow
CPG a concrete w plain - rainted areen
CPw a concrete - plain - rainted wnite

D a asphalt

MO a miscellaneous - Steel . concrete
NS a miscellaneous - steel
NSA a miscellaneous - arc•
HSI a rinQ boeam section
M32 a front door blast plate
9S3 a front door outrigqer I-Re. (Running Lengtn Measured)
984 a flashing
NSS a rear door ana frame

N4 a 04 Reobar
RAi a *f. I4bar
Ne a so Peoar

5 a sPaiL plate

(M) Indicates weight is estimated
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TADLE4. SMMMRY OF So RECOVERY SECTOR 0ISR00 DATA - EVNT4

RAMNE IFT) COOESA ss(Wcg. Lo) n2V003 L91 %f3tM SUVEY)

FRONT -

461-411 370 138 a

SG1-411 W3 40 25 4
611-461 W4 21 13 2
"61-711 W5 5 7 2

$10E
W5-311 m1 5W 32 17

311-361 12 126 25 7
391-411 a36 5 4
411-461 54 1SO a 4
461-511 u5 220 33 5
511-561 n 115 21 1
561-41 37 75 3 0
611-461 u 62 21 1
66171 w 63 14 7

MEAN
261-311 al a73 110 I5
311-361 E2 166 62 9
381-411 E3 91 25 2

491-611 ES 56 14 3
411-561 54 50 is0

TOTALS 3452 711 94

GENERAL NtWC MAIMGE US ASURED FRIM CENTERM OF SHELTER
NISER OP DISKS WITH WEIGHT LM THAN 0.3 La.

* HýlR OP DESU1S WITH WEIGHT GREATER THAN ION EOUPAL TO) 0.3 LIL
W NRSE OF DISKS LOCATUD BY Me SUREY.

ClIs
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TABLE S. UMMVVARY OF S* RECOVERY SECTOR DEBRIS DATA - EVENTS5

RAM (T1) CODE "I fW<0. Lai n3 (W)0P .8 I faw6 SURVEY)

FRONT--
461-401 Flo 1,480 w6 22
485-716 PS 210"7 6No 23
71S.-rn P 2,461 56o 21
7465-15 P7 an1 336 14

on-ois I's 46 104 11
015-M6 P4 29 43 3

916.4015 F3 26 17 10
l0is-106w P2 5 17 3
106-1115 Fl 0 0 1

SIDE
515-4106 A12 1."46 027 7
SK5-415 All I'm2 B16 0
616-M1 AIO 711 325 24

715-M S 43146
74"16 A7 713 176 9
615-06 AS 493 124 7
55l-015; A5 404 96 7
915-46 A4 428 lie 0 C o

10661-1015 A3 m6 I0
1015-1065 A2 472 443
10611-41165 Al 574 41 4

REAR
$15-46 Rio 62 0 0

t605-715 50 111 13 3
715-M6 Re 73 6 1
7116-815 R7 40 3 1
616.1608 no 37 5 0
085-M1 R5 27 6 1
916-66 R4 21 4 0
U6-1015 53 9 4 0

1015-1066 R2 4 4 0
1066-1115 RI 7 3 0

TOTALS 15,36 .41.6, 223

GENERAL NOTES: RANGE U MEASURED FROM CENTER OF SHELTER
* 6MIER OF DUE WITH WWGIT LENTHAN6.3LU
- NUIEIR OF DE11111 MTN WMIGHT GREATIP TMAN MIONEUAL TO) 0.2 LB

rj- WNIERN OF 01081 L0CATWD BY 311 SURVEY
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TANA 6
DIRIA LOMW FORV MXMwAV NJ4GTO S

09-01 Lb k NU .h4 MtTOIlAL 8463 1, lIIs

F P.AC;US Mi~ic IvhclI,LtjvLnji #?h CKOFLbS

2 Cn u.O 7P 0 (.Pl) 1,Ckp) P,7b0(3 C4I ~ fi 4,5.00 ]Otisj lehis

4 C4 %Ubfl 4175n 2.fils t,37%

-SCP 01400 7,75nl 2,175 1.625

C"0,40CE 4,004 2.1Id 007-1

iA u. tjJC 1,250 11.000 ().Soo(9 CP VtiotC ,09% 310ý0 1,68I0

11 cmi 0.300 2.(COf 1.5Si0 1,250

12 CA U,40I0 7,500 29CC0 t.O0f0

11 CP U.300 3,75in I.815 n,750

14 CP (Jq0C 7,7b' 205iC0 1,62-)

I1W CP 0.400 71.250 2,01.0 1,375

Wk 5D16 SECTOR-RANGES 66 FT TO 711 FT
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TABLE 7. EVINT 4 MMMLI MAP LWnlliNg MR (MING MANMIS (
T4AG6'SL414 PLUITrD Bh 1'fS(CFIFTZfIh 44t $I11blPL 51
hulH OFIGH? rIpom to(. 10 540vJ000*0

riAG RANGE GCL WEJIGHSI LIE NGThp, a IL Too* HIleg I.L., LLSLHO1 ¶C11
10 (IN FI) (IN UlG) (Ih LRS) (IN I.CnY.•)

lug90 0605.3 263.9 350,0 67*40 100OU0 6,1b(s, 163

01900 693.1 26992 beOosO 121.00 1R.OuO 6.5€0 '81

04050 1042.4 137.7 720.0 1316.5 1S0,00 6,5C0 N$i

04060 1540.6 231.0 670,0 127.25 18.000 6'sce MaS1

05030 1029,2 1usO 630,0 119,00 19.000 6.37s V.S1

05100 111.00 103,5 640,0 122.00 19*000 6,375 t.s

05110 128406 1uO,0 320.0 60.00 19,000 6&375 psi

05110 1261.7 137.3 421.0 132,un Ll,00 6,.€0 PSI

C5190 17i2.1 119.1 i55,0 6b.un lRnbo 6.5C0 I

TABLE S. SUMMARY OF DEBRIS DATA TAKEN FROM PHOTOGRAMMETRIC ANALYSIS OF AERIAL PHOTOS c

NUMBER OF DEBRIS*
DEBRIS SIZE ;NTERVAL (FT) EVENT 4 EVENTS

0.0-0.5 3034 2223

0.5-2.5 2315 37

2.5-5.0 le 79

5.0-10.0 34 122

10.0-15.0 10 56

15.0-30.0 4 77

>20.0 (1901" (06)**

TOTAL 5772

"EVENT 4 HAD 3W0 SURVEY COVERAGE WHEREAS EVENT 6 GENERALLY HAD ONLY

ISS)e SURVEY COVERAGE.
"'THE DEBRIS CHARACTERIZED AS U1ING LARGER THAN 20 FT HAVE MULTIPLE SURVEY

POiNTS. THE NUMBERS IN PARENTHESES REPRESENT THE NUMiBE OF SURVEY PO"ITS.

1962
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TABLE 9. SUMMARY OP DUISS DATA SAIS

FIBERBOARD BUNDLES EVENT 4 EVENTS

TOTAL RECOVERED J 0 37

"50 RECOVERY SECTORS EVENT 4 EVENT 5

"1 n2 n3 n, "2 n3

FRONT 638 275 6 7075 2740 119

SIDE 1485 162 46 809e 2807 98

REAR 1329 274 32 396 58 6

TOTAL 34M2 711 a4 15569 5605 223

-3(7 SURVEY EVENT4 EVENT 5

SMALL DEBRIS 500 973
(SINGLE SURVEY POINT)

LARGE DEBRIS 21 102
(MULTIPLE SURVEY POINTS)

TOTAL 521 1075

AFRIAL SURVEY EVENT4 EVENT5

TOTAL SURVEY POINTS 5776 2991

1863
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TABLE 10. DEBRIS INITIAL VELOCITIES

EVENT 4

WALL PREDICTED VELOCITY (FT*W MEASURED VELOCITY (FT/S)

FRONT ISO 300

SIDE 60-90 s0

REAR 100 125

EVENT 5

WALL PREDICTED VELOCITY (FT/91 MEASURED VELOCITY (FT/S)

FRONT 420-90

SIDE 160-460

REAR 200

TABLE 11. DEBRIS SHAPE FACTORS

EVENT_

SECTOR ESTIMATE 90% CONFIDENCE LIMITS

FRONT 0.42 0.24 0.60

SIDE 0.47 0.20 0.74

REAR 0.39 0.21 0.56

ALL 0.42 0.21 0.63

EVENTS

SECTOR ESTIMATE 90% CONFIDENCE LIMITS

FRONT 0.43 0l.22 0.64

SIDE 0.45 0.16 0.74

REAR 0A4 G 0.95

ALL 0.44 0.16 0.70

1864
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TABLE 12. SUMMARY OF 360o SURVEY DATA BY DEBRIS CATEGORY

EVENT4 EVENTS
NOMENCLATURE TOTAL MAX IMPACT TOTAL MAXIMPACT

NOENLTUENUMBER RANGE (FT) NUMBER RANGE (FT)

A - AIRCRAFT PART 71 1100 41 1209

B - BOMB FRAGMENTS 0 - 13 1536

CR - CONCRETE-RED DYE 26 1019 328 1401
CS - CONCRETE-BLACK DYE 20 919 61 1122
CY - CONCRETE-YELLOW DYE 4 463 69 1054
Co - CONCRETE-GREEN DYE 37 1309 61 1022
CP m CONCRETE-PLAIN 231 1254 246 1488

( -ASPHALT 0 - 1 358

MO -STEEL & CONCRETE 20 431 62 1357
MS -STEEL 18 859 33 1236

M - ARCH 0 - 28 826
MSI - RING BEAM 9 1722 38 1588
M32 -FRONT DOOR BLAST PLATE 9 630 0
M83 FRONT DOOR OUTRIGGER 13 420 36 910
M84 - FLASHING 27 a98 0 969
MIS -REAR DOOR & FRAME 0 - 6 251

R-AEBAR 22 548 24 989

S SPALL PLATE 6 a 21 1649

TOTAL 521 - 107F
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TABLE 13. HAZARD RANGES ESTIMATED FROM THE DEBRIS DATA FOR EVENTS 4 AND 6

EVENT 4

R/W1/3 (FTILB 1/3) C3% CONFIDENCE

FRONT 46.0 47.3.51.4

SIDE >G0

REAR 42.8 1A.4•4.4

RAN' 13 1 FTILS1/3) 96% CONtFIDENCE

FRONT 48.4 4.1 -50.L

I$ JE 61.7 003- 63.0

nEAR 38.1 37.3-39.3

16I
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'39

I I NOTE: ANGLEt, MARK THE CHANGE IN CONCRETE DYE COLOR.
.1 ORIGIN 19 LOC~ATED AT BOTTOM CENTER OF FRONT DOOR.

FIGURE 1. THIRD GENERATION AIRCRAFT SHELTER
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MK 2' SHELTER A
K MK W2's
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FRONM & 3 MK82- 5 ' REAR
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"3 MK 02 ,..l-T-i 12,

6.3''MKS: '
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FIGURE 2. PLAN VIEW AND FRONT VIEW OF AIRCRAFT SHELTER BOMB PLACEMENTS
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FILE, 1VALL

DEL RtAGE' INNS.

MNI ANGLE' S.

MAX ANGLE: US.

PLOTTED, 566
OF 521 POINTS

FiGURE 10. EVENT 4 MISSILE MAP - SINGLE POINT SURVEYS

FILE' EV3SSA

MNH RANGE I.

MAX RANGE' 23l.

DEL RANGE't 196.

MNI ANGLE' III

MAX ANGLE'- 369.

DEL ANGLE' 30.

PLOTTED: 913

OF 1013 POINTS

FIGURE 11. EVENT 5 MISSILE MAP - SINGLE POINT SURVEYS
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FILf EU4LI

lfl RANGE 0"

OIL. R&ME' IRA.

fNX ANGLE 30.

DEL "NME' 30.

PLOTTED' 1
OF Sit POlINTS

FIGURE 12. EVENT 4 MISSILE MAP - MULTI-POINT SURVEYS

FILE' EMOLR

MIN RANGE' e.
MAX RANGE' 2ME.

DEL RANGE' 1M.

PITH ANGLE: S.

MAX ANGLE, 360.

D EL ANGLE' 36,

PLOTTED: 162
OF 1015 POINTS

FIGURE 13. EVENT 6 MISSILE MAP - MULTI-POINT SURVEYS
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FIGURE 17. DEBRIS POINTS LOCATED BY PHOTOGRAMMETRIC SURVEY OF AERIAL PHOTOS - EVENT 4

, I

*FIGURE 18. DEBRIS POINTS LOCATED BY P40TOGRAMMETRIC SURVEY OF AERIAL PHOTOS - EVENT 6
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PkIDICTION 01 IIUKN fl4JWV LVELS lOft ACCIDENTAL UPLOSIONS

INS51N AIRCRAJT SHELTERRS

V, by

0P K. Moseley

IC. G. Whitney

ABSTRACT

A mathod is presented to quantify the level of hazard to which personnel
in the vicinity of an accidental explosion in an aircraft shelter would
be exposed. Based on a previous analysis of blast and fragment effects
from an expIfMin a third generation Norwegian aircraft shelter, model
test results in scales lilO. and 1:20 for the Norwegian shelter, and full-
scale test results for a U.S'.h&J.qer, quantity distance standards pro-
posed by NATO may be reduced; however,-, ra •TI.rlvs simple summary of the
apecific hazards to humans is desirable in this effort--.iProbability as a
function of distance from an explosion for persoiunel injury has been da-
fined using state-of-the-art methodologies in conjunction with the blast

field and fragment distributions predicted or measured for two accident
scenarios: (1) 10,000 kg net explosive weight in a Norwegian shelter, and
(2) 5,000 kg net explosive weight ir a Norwegian shelter. Consideration
was given to personnel located in the open, inside a two-story concrete

* building, and inside a one-story wood building. The prediction methods
presented combine probability of injury or fatality given exposure to blast
or fragments, with a probability of exposure to define the specific hazard
to humnns in the event of an internal ordnance explosion in a Norwegian
aircraft shelter.
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1.0 IWODUCTION

In 1979 a study was begun to examine the vilidity of applying explo-

sive quantity-diatance (QD) criteria proposed by NATO to the siting of hard-

ened, third-generation Notwegian aircraft shelters.', These QD criteria are

believed to be overly conservative and in some cases could hinder readiness.

More appropriate criteria for siting aircraft shelters are necessary due to

constraints on propert7 available at air bases and the desire to operate

efficiently both inside and outside a shelter. Although the NATO QD cr1-

teria seem too restrictive, the need for some type of siting criteria is

definitely recopniied. If an accidental explosion of ammunition occurs

within the storage chamber located beneath the floor of a shelter, blast

and fragments can cause serious damage to structurec and personnel in the

vicinity. A method of calculating the expected debris pattern and external

blast field following an accidentW2. detonation was clearly needed. The study

originally started in 1979 t~ov encompasses three major ph"ase: an analytical

procedure to predict the blast and debris environment, model scale tests con-

ducted in scales 1:100 and 1:20, and a procedure for estimating probability(

of lethality for humans in the sheltar vicinity which is based on the model

test results. The first two phsses, described in detail in Reference 1, were

the subject of a paper presented at the 19th Explosives Safety Seminar (Refer-

ence 2). The third phase, dealing with damage to hinas and described in Ref-

erence 3, is the main emphasis of this paper.

In addition to the work done concerning the Norwegian shelters, some
full-scale tests have also been conducted for hardened U. S. Air Force third-

generation shelters and adjoining runways and taxiways. These full-scale
tests, known as DISTANT RUNNER, were sponsored oy the Defense Nuclear
Agency (DNA) and were primarily directed at determining the suitability of

existing QD criteria, as were the Norwegian tests. The full-scale DISTANT

RUNNER events were completed in November .98I. Model scale tests for the

U. S. shelters are scheduled fnr conýietion in 1984. When these model tests

1884

I- -



have boon completed, a separate comparison study conducted betwee the U.S.ý
shelter results end the N1orwegian results would be beneficial. there are

definite differences im construction between the two shelters and in loading

- densities for the tests conducted. Rowever, simllar patterns in the blast

mid debris environments have been observed in teats completed to date.

In the following sections, a brief overview vwi1ll be given of the schema

for predicting the hazard for humans in the vicinity of an a%;cidental. explosion

and recommendations based on the results determined in the third phase of this

study.

I
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2.0 ZRSDICTIO OF BLAST AM FLU IT~ l EMC*

The blast and fraguout hbmard fad subsequent damuq levolm for hummus

were predictead for charge vmShts of .0,000 kg1 and 5,000 k1 TN equivalent.

Reference I presents a detailed description of the pre-
diction scheme used alonS vwith the blast and fragment environment predictions

for a charge of 10,000 kg. This ame procedure has now been applied for a
charge of 5,000 kg TNT equivalent, with the results described in Reference 3.

In t.his section, the steps in the hazard prediction method will be briefly

described. A review of the conclusions drawn from Phases 1 and 2 will be

presented.

The major objective of Phase 1 was to devise a method to calculate
the expected debris pattern and external blast field created by an acciden-

tal detonation of the amAnition stored In an underground chamber beneath

a third-generation Norwegian aircraft shelter. Figure 1 depicts the

typical shelter considered in this study. In Reference 1, the method

established as the me8t accurate based on comparisons with model test re-

sults first determines the internal blast loading on the different surfaces

of the shelter and then estimates a breakup pattern so that individual frag-

ments can be studied to calculate velocities, trajectories, and maximum

ranges. An estimation procedure for external blast parameters is also in-

cluded in the methodology. Both the external blast field and the debris en-

vironment must be considered in locating aircraft shelters with regards to

safety for neighboring structures and work areas.

In Phase 2, experiments to determine blast and debris effects following

an accidental explosion of 10,000 kg TNT equivalent were conducted by NDCS in

Norway. The experimental results were used in coordination with the analytical

predictions for a bearer understandeng of the hazards assocated woth an ex-

plosion inside a aercraft shelter. The main program consisted of tasts in

1886



scales 1:100 and 1:20 of reinforced concrete models for which measurements of

&external air blast, hilh-speed film zecordtngs of debris trajectories, and do-

bris maps were made. In the second supplementary program, internal measure-

monts of blast parameters were taken at 22 locations on the walls, roof, and

floor of a'1:75 scale, nonreaponding steel loeol. As a part of this program,

one test was also performed on a 1:100 scale cbccrate model with blast gauges

located in a nonresponding steel floor to allow bIT ,t measurement comparisons

between responding and nonresponding models. Both of experimental pro-

gram are sumtarized in Reference 1 with more detailed desc¢ iona of the

tests in References 4 and 5. Fot the purposes of the third phase'f this study
summarized herein, the results of these tests will be briefly discussee'wtLh

emphasis on how they compared with the engineering estimates.

12

ItI

Figure 1. Typical Norwegian Aircraft Shelter,

Indicating Surface Numbering Scheme

4,
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3.0 SCDEZ ?U PRIDICTING INJUR TO RUMANSC

Presented in this section is a qualitative description of how results

of the engineering analysis and the model tests (Phases 1 and 2 of the study)

were used toward the prediction of probability of hit and subsequent probe-.

bility of injury/lethality for a person in the open, in a two-story reinforced

concrete building, and in a one-story wooden building. A litezature search was per-

formed to obtain state-of-the-art injury and lethality data. Specific injury

levels due to blast alone such as damage to lungs and eardrums can be deter-

mined for a person standing in the open. However, most of the fragment im-

pact data are for small, penetrating fragments or for nonpenetrating fragments

weighing no more than 100 lb. Most of the fragments recovered from the model

tests scale up to very large sizes. It is recognized that not all fragments

were recovered after the tests, especially extremely small (in 1:100 or 1:20

scale) pieces of concrete and particles from the soil cover against the walls.

However, since these fragments comprised less than 20 percent of the total

shelter surface area (approximately 80 percent of the shelter was recovered

after each model test), the hazard to hmans will be defined almost solely

in terms of probability of lethality from relatively large fragments instefd

of specific lesser degree injuries. Methods for predicting less severe in-

juries are described in Appendix A of Reference 3, and a complete list of

references in which these methods can be found is included in the bibliography

to that report.

The hazard to humans can be from actual loads from the shock wave

or from fragments. The shock loads can affect a person directly if he

is in the open, or they can damage another structure producing fragments

from walls, windows, or framuwork which can injure a person inside that

sctrcnure. Injury can also result from shelter fragments directly striking

a person in the open or impacting another structure, again producing frag-

ments from that structure which can injure a person inside. Each of these

modes of injury, addressed in detail. in Reference 3, will be summarized in

this paper as it relates to the three specific environments mentioned earlier.

1888 (



The a•phasti of the pvtvous several paragraphs haa ben on defining

the hazard based m the pronabiliry of Jnjury/2leth/l ty given emporse. Mow-

ever, a matha of yredict:ing exposure must also be Included in the analysis.

In the case of diasing frow blast alone, the probability of expoaure lmplies

the probability that a person will be in the area at the tias of explosion

and witness the blast wwje. This probability obviously presents a difficult

task since the atmosphre around the explosiou site depends on an actual lo-

cation, where"s the goal of this analysis was o make an accident s.enario

as general as possible so the results could be applied to any location. Given

a specific location, this probability of being exposed could be estimated

based on work shifts, open area, atc., and could then be combined with the

probability of injury or fatlity given exposure to determine final results

which will define the blast hazard.

For the ease of damage due to fragments from the shelter or neigh-

boring structures, the probability of exposure implies not only the prob-

ability that a person will be in the area, but also the probability that

he will be hit by a fragment if he i. there. To determine the probabilityK j( •of debris hitting a person, the area around a shelter is divided into six

zones as shown in Figure 2. Fragments can originate from any of the shelter

surfaces 1-13 (as depicted In Figure 1) and are sized according to the surface

of origin in a defined "average'" breakup pattern. This breakup pattern was

formulated by studying the breakup patterns in all the 1:20 scale tests and

subjectively "averaging" the results. (The breakup pattern for each test had

been reconstructed due to a coloring and numbering scheme built into each

model. See References 1 and 4 for a description of the model construction

and test setup.) The zones in Figure 2 were considered individually when de-

termining probability of debris hit as a function of distance from the shelter.

Using the fragment sizes from the average breakup pattern, a range of

trajectory angles and velocities over which a certain fragment would have the

f ability to be projected was determined. This range of trajectories and veloc-

ities depends on from which part of which surface the fragment originates. It

was asaumed that each fragment has the opportunity to obtain any trajectory

or velocity within the range determined for a particular fragment.

1889
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SThe range of trajectory eages, AS. for a Pa4qxframX w&S

do tarUlmad by studying film andA model toat reuu~ts fn*, IWernce 4. Th~e

bulk~ of the data (" measured Irm the high-speed fM)" 'Was for surfACe
2 and 4. with some data for the shelter bask. Ia44ase the data w•.e too,

limited to perform a r-proua statistical analysis in detevaigiS a raASO

of anles, physi.aJ. judgement was exercised to datexamne an esAtiasted range.

By comparing the an.Sa * formed by the intersection of the soa.al to our-

face 2 or 4 and the *belter floor to measured extremes of trajectory amgle.

8, an average AS was calculated. This average wae 12 degrees. Thua, the

range of O's for fragments from each surface was defined as * + 12, i.e.,

within 12 degrees of normal to the surface. This rule was used for every

surface except 8, the back exhaust portal section, for which trajectories

observed in the model test films were used.

The determination of the velocity range for each fragment was based

on the impulsive loading to its surface of origin. The impulsive loading

to surfaces 1 through 5 was calculated as described in Reference 1 based on

a volume ratio corrected charge weight. Loading on the back surfaces was cal-

culated assuming reflected blast waves. Velocities were then calculated as

where:

V - fragment velocity

i - reflected specific impulse

A - fragment area

M - fragment mass.

Once the ranges of trajectory angles and velocities for a particular frag-

ment size had been determined, the minimum and maximum possible distances which

a fragment of that size could travel were calculated by running a trajectory

computer code repeatedly, using possible combinations of initial angles and

velocities as input. It must be assumed that a fragment will have an equal

chance of obtaining any particular range within the range spread for that

1.891



frapintt stae. The miaima and vmsxiw rmages of each type framentA ich can C
land in sfouse 1 thrtouh 5 vivo dete•smued4 for 10,000 kS amnd '5,000 kg Iharg.es.4

I Fragmsnts from surfacee 1, 2 and 3 can land in zone 1 (see Figure 2V for toe
defi elon). Zone 2 cw receive fralgmnets from surfaces: 7, 10 and 11. ,only

fragmemts ftom surfaces 8 and 13 can land in zone 3 based on the modal test

results. Fragments from surfaces 6, 9 and 11 can land in zone 4, and son. 5

receives fragments from surfaces 3, 4 and 5. The fragments landing'in none 6

will mostl~y be door fragments; however, the probability of hit/lethality for

this zone yas not examined in this study. When the debris data base had been

established for each zone, predictions of probability of hit and injury or

lethality could be made for the zones using the methodologies described in

the following section.

I
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4.0 DEFINITION OF THE HAZARD

In this section the procedures are described which were used to

define the hasard to persons In the vicinity of an accidental shelter ex-

plosion given the blast and fragment environment predictions presented in
Sections 2 and 3. Sumaries of final probabilities of lethality due to

blast or fraeent ipact will be presented in tabular form for the three

basic cases considered in this study: 1) a person in the open, 2) a person

in a two-story reinforced concrete building, and 3) a person in a one-s tory

wood frame building.

Before the hazard could be described in term of final probability of

lethality for each zone, a probability of exposure had to be defined. As

discussed in Section 3.0, the probability of exposure implies the proba-

bility that a person will be in the vicinity, and in the case of the frag-
ment hazard, the probability a person will be hit by a fragment when he is
in the area. Pred.ctions of persons in the area at a given time were not

addressed in this analysis since these are site-dependent. However, predic-

tion of the probability of hit was a major effort in the study. Probabilities

* ( of hit in both the horizontal and vertical plane were examined to account

for a fragment essentially landing on top of a person/building or hitting

the person/building in ý.s flight path.

The probability of hit in the horizontal plane, PH' is the probability

of a fragment landing in a giv-en area. It is defined as

Plij THA1

where

TFA -total fragment area of this type, i.e., the product of the

number of fragments of type j times the fragment area

-•;A •j . total fragment hiLt area for fragment typo J

and -IA . (length of the surface from which a zone is defined)(RMAXM

.. X'fL) + ( ,•J 2 __1 2 )(tan 20")
j j
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R ma - iazu range • £ f apsut of ty j ca land

- minim= range . fragwm, of tyw. j can laud.

Figure 3 is a schema.:Lc showing the derivation of the total fragzmt hit

area, TOA, for zone 1. The THA for frapeut sizes in the other zones is

calculated in the same manner. The probability of hit could thus be calcu-

lated for each different fragment type in each zone.

The probability of hit ia the vertical plane, PHV, is the probability

a fragmnt will travel through a given vertical plane across a specific zone.

If a person is aanding the same distcs from the shelter as the vertical

plaue being considered, he will have a finite probability of beLug hit by

frapmts traveling through this plane. Basically, two cases heed to be

considered: 1) the area of the fragment of type J, Aj is l elss than the

exposed portion of the area of a person, A., or 2) AFj Ls grt~ter than or

equal to Am. The exposed portion of the area of a person is defined as:

Am - (1iP - MAIN) (HW)

where

HP - height of a person x safety factor (to account for the frag-

mont width below its center of mass)

HMIN - minimum height a fragment of a particular type can obtain atI, this location (vertical plane)

HW - width of a person.

li this study, the person and safety factor considered were:

I W - 0.5m.
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Surface 1

K SHELTER

THA (Length of Surface1) (RHAXK RMIN
2i

+ ~ MAX RMN (tan 20)

Figure 3. CalculaLdion of THA for Zon.d 1
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The di•gram in Figure 4 graphical]y depicts the situation for one fragment
type. The other variables In Ftgure 4 not previously defined are indicated

below:

VTO~j - miniuna range at which a fragment of type j can have a

RE L horizontal ,range (from the shelter center) at wnich the

ve•tical plane is being st..died

L, ltngtn of the verticdl plant at across a zone.

The two cases for predicting probability of hit in the vertical plane are

summariz#d as follows:

1) For A. A,

a) withR MI

<A TFA

where
HI.A - maximum height a Yragmeut of type j can obcala at a

i
distance of R,,.,

-.4 other paramatets :-ae a.. .fined previously.

or b) with RMNIN 1  R• < RMAXJ

T[Ax iU A
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Figure 4. Fragment "Hit" in a Vertical Plane
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2) iotA 2j Am

jW

iA W

or b) with R•.ftl <R < <AX.

iorA [b)F 1it -RMLN 4 1MRM
R UJ iHMAX iMi) RAj- j

It should be noted that HXN.. - 0 when Ra >- RMINJ.

Once the probability of hit in the horizontal or vertical plane is

known for a particular fragment type, the probability of letbality given a

hit needs to be calculated. Again, several references were found which con-

tained methods for predicting probabilities of various lesa severe injuries,

but they are based on very small fragment sizes compared to the debris sizes

in the average breakup pattern described in Section 3. Such small debris

do exist after an explosion of this type, but- this analysis is based on model

"test results in which debris which would scale as very, small in the prototype

was not collected or reported. It is, therefore, more realistic to define

lethality levels in each zone and have this govern the hazard limit distances.

To determine probability of lethality from fragment impact, a logistic

"distribution function was applied to lethality probability:

I

SL exp [a + 8B 2n (MV2/WD)]

where

P probabilit7 of lethaliLy for person of mass W

1898
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M •a,8 a curve fitt:ing parameters determined by least squares

SM - mass8 of f ragmen (2)

V - impact: velocity of fragment ('/sec)

W mass of person (kg)

D a diameter of equivalent sphere for a chunky fragment (cm).

Each type of fragment for a particular zone must be considered separately to

determine the probability of lethality given a hit. The probability was based

on the highest possible impact velocity in the range of velocities which were

possible for a particular fragment type. The probability of lethality for

each type was then the product of the probability of hit and the probability

of lethality given a hit.

Since the event of one fragment type hitting a person is independent

Sof the event of another fragment type hitting the person, the final proba-

bilities of lethality for all fragment types in a zone can be combined to ob-

tain the hazard at a particular distance from the shelter using simple statistics.

Person in the Open

Thehazard to a person in the open following an accidental explosion is

defined by possible injury due to the actual shock wave and lethality due to

shelter fragment impact.

f Damage to humans due to blast effects can be predicted using methodol-

ogies described in Reference 7. The methods included in this study to define

the hazard to humans resulting from direct blast effects are prediction of
S~lung damage and eardrum damage. Injury from direct blast or overpressure

effects was considered only for persons in the open, not persons inside build-

Sings. Damage to buildings due to blast effects, however, will be discussed

because the blast can cause collapse of a building and, thus, indirectjy cause

injury to persons inside from fragment impact.
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Side-on overpressuras relating to 100 percent, 50 percent, and 0 per-

cent survival from lung damage were assessed. The exterior blast field for

10,000 kg and 5,000 kg charges was used to determine the distance associated

with each hazard level for lung damage.

Damage to the human ear was evaluated at 50 percent and 100 percent sur-

vival thresholds. The side-on overpressures defining each of these levels

were determined using information in Reference 7. Again, the exterior blast

field for 10,000 kg and 5,000 kg charges was used to obtain the distance

associated with each hazard level for eardrum damage. The hazard to a person

in the open due to injury from the blast wave is summarized in Table 1.

Table 1.

Damage to Lungs and Eardrums of Persons

in Vicinity of a Shelter Explosion

SImage (a) For

P (kPa) 10.000 ks 5,000 k%

i1a0 Sarvtrvai - Luin 70 2g 19

50% Survival - IAUns 260 13 10

0% Survival - Lung 370 10 1

100% Survivaml. - Eardrum 35 35 27

502[ SurviLval - Eardrum 100 20 1.6

For a person in the open, the probability of hit by a shelter fragment

is defined as hit in the vertical plane. This accounts for a fragment striking

a person in its flight path and not just a fragment landing directly on top of
a person. The probability of hit in the vertical plane was calculated for all

fragment types possible for each zone (see Figure 2 for zone definition). These
hit probabilities were then combined with the probability of lethality given a

hit for each fragment type. Probabilities of lethality for all possible frag-

ment types for a zone were then combined, along with the blast results, to

define a probability of lethality at several distances from the shelter center

1900
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for each sone. The final results of lethality from shelter fragment impact

on a person in the open are summarized in Table 2 for the 10,000 k& case.

Results for the 5,000 kg case are suimarized in Raference 3.

Table 2.

SUMtARY:

Probability of Lethality -

Person in the Open: Charge
Weight Equivalent of 10,000 kg TNT

PROIABZZTT OF LZE&Iff
DISTANCE FROM ZORt ZOM ZONK ZONE ZONE

I ( R)

20 1.0 * * 0.4

30 1.0 0.07 1.0 0.09 -

SO 1.0 0.03 0.0 0.0 0.2

so 1.0 0.0 0.0 0.0 0.005

100 0.8 0.0 0o0 0.0 0.0

200 - 0.0 0.004 0.0 0.0

I00 - 0.001 0.0 0.0 0.0

S00 0.002 0.0 0.0 0.0 0.0

1.000 0.0005 0.0 0.0 0.0 0.0

1200 0.0001 0.0 0.0 0.0 0.0

N ot caLculated Distance is very close to the shelter

Person in a Building

The hazard from an accidental axplosion in an aircraft shelter to

a person inside another building is considered for two cases: 1) a two-
story, reinforced concrete building and 2) a one-story, wood frame building.

Damage to a person in either type building can occur rhrough two modds:

1) injury from hazardous building debris (not shelter debris - originating

from structure collapse due to Lhe applied blast load, and 2) injury from

debris caused by aircraft shelter impact on the building. It should be
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noted that the external blast field was predicted to be symmtric about

the shelter; hence, injury/fatality levles in mode I vill also be symms-

tric about the shelter. Mode 2 levels will be definwd by zones. Mode 1

injury can result from fragments from wall or roof panels or glass frag-

ments fiom a window. ModL 2 injury can result from uhjlter debris which

has perforated a wall or roof panel or from collapse of a wall or roof

due to shelter debris impact on the panel. Both modes are based on damage

levels to the building under investigation.

For mode 1 injury, levels of damage due to total building collapse,

partial building collapse, and window breakage werv considered. The inju-xy

levels associated with these three dam&Lge le'vels are as follows;

a) Total collapse - a 100 percent chance of both inj'ury

and fatality

b) Pactial collapse - a 100'percent chance of both inji'ry ard

fatality in the area of collapse; i.e., the areas near the

face of the building which is closest to the explosion and

the area under any roof collapse. (
c) window breakage - damage calculated based on glass fragment

impact on human skin.

The importance of describing the hazard to humans for a general accident

"site has been stressed earlier In this report. Therefore, when determining

building damage, typl.,..al wail and roof panels were selected to demonstrate

the procedure. The analysis would need to be repeated for specific buildings

around an actual shelter under investigation.

The radius of total collapse was determined by choosing typical -xall and

"roof panels for a two-story, reinforced concrete building and for a one-story,

wooden structure. The concrete building is assumed to have non-loadbearing

walls, while the walls in the wooden building are assumed to be loadbearing.

The response to blast loading was determined for wall and roof Olabs by con-

sidring one-degree-of-freedom 'R.quivaient systems basud o•n the n'ethodology
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described in Biggs in Reference 8. Total collapse of either building was

defined as the collapse of all walls and the roof by a side-on blast wave,

i.e., if the walls recaiving a side-on blast wave collapse, the walls "feeling"

the blast as a reflected wave will also collapse since that is a worst case.

In defining damage due to partial collapse of a building, the dia-

tance at which the walls collapse from reflected blast pressures is deter-

mned. Engineering estimates of the percentage of space inside a building

which is exposed to debris from partial collapse were made for concrete

and wood structures. When convidering the two-story, reinforced concrete

structure, the fact that the building is a frame structure with non-loa4-

bearing walls governs debris exposure, i.e., collapse of a wall does not

necessarily imply collapse of the roof and visa versa. When considering

the one-story wooden building, the fact that the walls are loadbearing im-

plies that collapse of a wall will also cause collapse of the roof.

For window breakage in either type building, the assumption was made

that 60 percent of the total floor area in a building is near enough to a

window to be exposed to glass debris. To determine the probability of

lethality due to glass fragment impact, an average applied load (average

of side-on and reflected pressures) was first calculated/to account for frag-

rments from windows in walls facina the shelter and in walls not facing it.

Then velocities were calculated for a typical glass fragment in buildings at

several distances away from the shelter for the 10,096 kg and 5,000 kg cases.

Next, using a typical glass fragment area, the prob bility of lethality from

the glass fragments was determined at each distan7 ./ The V5 0 ballistic limit

velocity for penetrating isolated skin was calc uJted using a method presented
i.n Reference 9. 1 4'he ballistic limit is 17I /ec Since this velocity is

greate. than the velocities of the glass fragments in both cases in as close

as 30 m from the shelter center, and since t is velocity is the velocity at

i I which penetration will. occur 50 perceqt of the time, the probability of pene.-

tration, and by definition, lethality from glass fragments is less than 50

percent. Thus, 50 percent probability of lethality could be used as an upper
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limit. If this 30 percent factor is combined with the 60 percent factor

which accounts for the building floor space exposed to glass fragments, a C
conservative probability of lethality from glass fragments hitting someone

inside a building would be 0.3. Combining the probabilities of lethality

"due to the blast load on the building (from building debris) and due to

window breakage from the blast load, produces the final results for mode 1,

for the concrete and wooden buildings, for charge weights of 10,000 kg and

5,000 kg. These results indicate the probability of lethality due to a mode

1 injury in either building type considered is zero past 100 meters for a
10,000 kg charge and past 70 meters for a 5,000 kg charge in the shelter.

Mode 2 produces injury/lethality to persons inside a building from

impact of shelter debris on the building. The shelter debris can either per-

forate a wall or roof, striking a person inside; or it. can cause the wall or

roof to fragment or spalI, thus causing wall or roof debris to hit a person.

The analysis if mode 2 can actually be divided into two cases; 1) damage from

very large fragments and 2) damage from small fragments.

Most of the fragments from the breakup used in this study were very

large, nonpenetrating fragments. Large fragments will be defined as those

having a mass greater than 1,000 kg. If one of these tragnents hits a

building, total collapse of a large portion of the building can be expected

because the debris are large enough to affect more than a single room or

wall of a room; i.e., the structure as a whole will respond. Thus, gross

2 structural response due to impact by shelter fragments governs the pre-

diction of lethality at a certain distance from the shelter. To predict

gross structural response, a specific impulse which would be imparted by

a fragment striking a rigid surface is calculated for each "large" frag-
ment type. Then, a failure criterion based on damage data for structures

similar to the typical buildings considered is used to determine if demoli-

tion of the building occurs, considering only the impulse asymptote. Failure

of the Impacted structure is assumed to occur if the ratio of momentum to

area (VM/A) of a fragment is greater than 500 Pa-sec. Results of the calcula-
tion of the momentum-to-area ratios for all "large" fragment types indicate
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that all types have a momentun-to-area ratio much larger than 500 Pa-sec

which is used as the criterion for total collapse. Therefore, any of the

debris can collapse the portion of a building that it hits. By defiWntion,

then, persons in that portion of the building will be fatally injured with

certainty. To determine the portion of the building affected by a certain

fragment-type hit, the total fragment area was considered along with the

total area of building debris to account for sympathetic collapse. To in-

clude the building debris from a collapsed portion of an impacted building

in the lethality predictions, the expected affected vertical area which would

be covered by this building debris was added to the impacting shelter fragment

area. The area of building debris involved was related to the fragment size,

i.e., the larger the impacting shelter fragment, the greater the quantity of

sympathetic building debris generated. This amount was set as equal to the

impacting fragment, i.e., the total hazardous debris area considered in the

probability calculations was twice the impacting fragment area - half for the

area of the shelter fragment itself and half for the sympathetic building

debris area. This result applies to both types of structures iuvestigated.

The probability of hit to be used in the mode 2 analysis is the prob-(• ability of hit in the horizontal plane, PH. Using PH will account for hits

on a building roof and upper walls. The vertical plane probability of hit,

PHV, would be considered for the fragments fron the shelter side walls if

pieces of these surfaces traveled very far; however, fragments from side sur-

faces 1, 5, 6 and 7 do not travel very.far, so only PH is considered. Prob-

abilities of hit in the horizontal plane and subsequent probabilities of

lethality for each type fragment were calculated. Then, for several distances

in each zone, the expectation of lethality was determined and summarized in

Table 3 for both the 10,000 kg case and the 5,000 kg case. The expectation of

lethality, as opposed to the probability of lethality, is presented because

this value can be greater than one; i.e., a greater area of debris can hit a

space on the floor than just the area of that floor space.

"Small" concrete debris from the shelter are defined in this study as

those with mass less than 500 kg. For these fragments, perforation of the
impacted structure governs the hazard definition. Gros3 structural motion
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is not considered. None of the "small" fragment types considered in this

analysis perforates the wall and roof sections used for examples of the con-

crete and the wooden building construction. Thus, the mode 2 hazard is de-

fined solely in terms of the "large" fragments and is represented in Table

3. If an actual building which does permit perforation by these fragments

is being analyzed, one could determine the residual velocity of the fragment

and use this velocity as an impact velocity to predict injury/fatality to a

person inside the building using methods presented in Appendix A of Reference 3.

Tabla 3.

Mode 2 Results

EzpecAt:Lon of Lethali•y

Discance fo EL

Shelter Canter (a) 4oUe 10,000 kl Charge 5,000 kI Charge

20 1 0.02 0.8

30 0.2 0.007
50 0.2 0.007

so o.Ol 0.007
100 0,.005 0.007

500 0.001 0.001
S1000 0.001 0.0009

S.L200 0. 0006 0. 0

20 2 2.0 2.0 (.
30 0.06 0.0

50 0.06 0.03

80 0.0 OO

1.00 0.0 0.02

300 0.001 0.0

30 3 1.0 1.9
80 0.0 0.05

200 0.005 0.0

25 4 0.2 0.3

30 0.2 0.0

70 0.0 0.05

130 0.006 0.0

20 5 0.6 1.!

30 0.6 0.0

50 0.04  0.0

70 0.03 0.0

90 0.009 0.0
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5.0 CONCLUSIONS AND RECONEDATIONS

Several studies have been conducted in recent years in some of the

N4ATO countries to determine the possibility of reducing existing explosive

QD criteria for the siting of hardened aircraft shelters. The efforts in

these studies have mainly been directed toward examining the post-explosive

blast and debris environment and assessing the damage potential"to structures

and/or persons near the aircraft shelter at the time of explosion. Conclu-

sions for the first two phases of this study - the analytical procedure to

predict the blast and debris environment and the model scale tasks conducted

in scales 1:100 and 1:20 - indicate the QD criteria could be reduced (see Ref-

erence 1). Reproducibility of breakup patterns and debris trajectories in the

1:100 and 1:20 scale tests of the Norwegian shelter suggests that the prototype
should fragment in a similar manner to the rupture patterns observed in the

tests, with differences in reinforcement taken into account. The measured ex-

ternal blast field was similar in all tests, too. Also, the location of concen-

trated debris after an explosion appears to be quite directional in both scales

4 of the Norwegian model tests and in the full-scale U.S. DISTANT RUNNER tests.

This reproducibility and directionality in the tests provide a strong, feasible

data base for the prediction of human damage levels in phase 3 of the study

described in this report.

The results of phase 3 are summarized in Section 4 for a person in

the open, a person in a two-story, reinforced concrete building, and a

person in a one-story wooden building. Based on the fragmen. data base ex-
tracted from the test results, the probability or expectation of lethality

due to blast and fragments should be the governing factor in defining
boundaries of the hazard produced from an accidental internal explosion

in a shelter, although other levels of injury from the blast wave alone are

reported. For a person in the open, 100 percent survival from blast damage

-is expected at 35 m for a 10,000 kg charge and at 27 m for a 5,000 kg charge.

However, the probability of fragment impact damage forces the definition of

a hazard past 1200 m in one direction (zone 1) for the 10,000 kg case and
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past 1000 m in that asam direction for the 5,000 kg case. The hazard

boundary for a person in the open is not symmetrical around the Norwegian

shelter bec~ause the charge is not centered in the shelter. It is stressed
that the hazard distances reported here are highly directional.

For a person in a two-story, reinforced concrete building or a one-

story wooden building, the hazard is defined solely in terms of probability

or expectation of lethality due to fragment impact - either impact of haz-

ardous building debris caused by damage from the blast wave (mode 1) or im-

pact of debris caused by shelter fragment impact on a building (mode 2).

The mode 1 hazard distances reported for a person in a building are syxmnetri-

cal because the external blast field was defined symmetrically. The mode 2

hazard based on fragment impact is again defined by zones. The procedure

described in Sectiou 4.0 for determining the mode 1 and 2 hazards provides

an assessment of the danger to persons in buildings near an explosion. How-

ever, the results summarized are for the example buildings used to illustrate

the procedure. To define a hazard for a specific site, the procedure would

need to be repeated for each building type (or at least the most vulnerable

building) in the area around an aircraft shelter.

It is strongly recommended that a comparison be made between the

Norwegian model test results and the full- and mudel scale test results
for the U. S. shelter when the U. S. model tests have been completed. There

are differences in construction and in loading densities tested between the

Norwegian and U. S. shelters, but items such as rupture patterns, direction-

ality of debris throw, and fragment trajectories should be compared. Also,

model tests to examine damnage to reinforced concrete buildings and other

building types caused by blast and debris impact from a shelter explosion

would prove extremely useful in quantifying the qualitative estimates for

the amount of floor space affected by different degrees of building collapse.
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